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Nessler, Chase A., M.S. Egr., Department of Mechanical and Materials Engineering, 
Wright State University, 2010. Characterization of Internal Wake Generator at Low 
Reynolds Number with a Linear Cascade of Low Pressure Turbine Blades. 
Unsteady flow and its effects on the boundary layer of a low pressure turbine 
blade is complex in nature.  The flow encountered in a low pressure turbine contains 
unstructured free-stream turbulence, as well as structured periodic perturbations caused 
by upstream vane row wake shedding.  Researchers have shown that these conditions 
strongly influence turbine blade performance and boundary layer separation, especially at 
low Reynolds numbers.  In order to simulate these realistic engine conditions and to 
study the effects of periodic unsteadiness, a moving bar wake generator has been 
designed and characterized for use in the Air Force Research Labs low speed wind 
tunnel.  The layout is similar to other traditional squirrel cage designs, however, the 
entire wake generator is enclosed inside the wind tunnel, up-stream of a linear cascade.  
The wake shed from the wake generator was characterized by its momentum deficit, 
wake width, and peak velocity deficit.  It is shown that the wakes produce a periodic 
unsteadiness that is consistent with other wake generator designs.   
The effect of the periodic disturbances on turbine blade performance has been 
investigated at low Reynolds number using the highly loaded, AFRL designed L1A low 
pressure turbine profile.  Wake loss measurements, pressure coefficient distribution, and 
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particle image velocimetry was used to quantify the L1A blade performance with 
unsteady wakes at a Reynolds number of 25,000 with 0.5% and 3.4% free-stream 
turbulence.  Wake loss data showed that the inclusion of periodic wakes reduced the 
profile losses by 56% compared to steady flow losses.  Previous pressure coefficient 
distributions showed that the L1A blade profile, under steady flow conditions, has non-
reattaching separated flow along the suction surface.  With the inclusion of the periodic 
wakes, the pressure coefficient profile revealed that the flow separation had been 
dramatically reduced to a small separation bubble. 
The wake passing event was split into six phases and captured using two-
dimensional planer PIV.  The interaction between the passing wakes and the separation 
bubble was noted.  The bubble was observed to grow in size between passing wakes, but 
was only able to achieve a fraction of the original level of separation.  The streamlines 
through the unrestricted blade passage were able to better follow the blade profile, 
indicating an improved exit flow angle with lower losses.  The data shows that the wake 
generator was successfully implemented into the wind tunnel and is able to properly 
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Low Reynolds numbers are often encountered in low pressure turbines especially at high 
altitude cruise environments.  The use of unmanned aerial vehicles has pushed the 
altitude limits even further, resulting in extremely low Reynolds number flows through 
the low pressure turbine.  These conditions can result in a component efficiency drop on 
the order of 7 percent between takeoff and cruise environments for small military engines 
[1].  Current trends in gas turbine engine development have been toward utilizing larger 
bypass ratios resulting in a lower core flow, and decreasing the number of blades in the 
low pressure turbine while maintaining the same amount of stage work.  As a 
consequence of these trends, the low pressure turbine can experience Reynolds numbers 
as low as 25,000 with fewer blades producing the same amount of stage work.  Under 
these flow conditions, the development of a laminar boundary layer, coupled with a 
strong adverse pressure gradient on the suction surface of a low pressure turbine blade, 
can lead to blade stall, or boundary layer separation.  
 Due to the relatively large aspect ratios in a low pressure turbine, the profile loss, 
particularly with boundary layer separation, is the largest contributing factor of the 
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overall total loss.  It has been shown that a conventional low pressure turbine blade can 
have up to 60 percent of the losses generated by the suction surface boundary layers [2].  
Sharma [3] has shown that increasing low Reynolds number aerodynamic performance of 
low pressure turbine blades has the potential to increase low pressure turbine efficiency 
by over 1%.  In high bypass ratio turbo fans, almost 80% of the total thrust comes from 
the low pressure turbine driven fan.  Small increases in low pressure turbine efficiencies 
can therefore have large increases in specific fuel consumption [4].  
 Other improvements to the low pressure turbine can come from reductions in 
blade numbers for a given stage.  Almost one third of the total engine weight in a modern 
high-bypass-ratio engine comes from the low pressure turbine [5].  Blade count 
reductions can have a substantial effect on weight due to the relatively large aspect ratios 
in the low pressure turbine.  Reduced blade numbers also benefit the manufacturer as it 
results in a reduced part count, reduced manufacturing costs, and an increase in 
reliability.  
 In low Reynolds number flows, a laminar boundary layer typically develops on 
the suction surface of a low pressure turbine blade.  As blade numbers are reduced and 
the blade loading is increased, the peak surface pressure also increases, which is followed 
by a stronger adverse pressure gradient.  If the laminar boundary layer is unable to 
overcome the adverse pressure gradient that is present on the aft portion of a low pressure 
turbine blade, the boundary layer will separate.  Ongoing efforts for improving the low 
pressure turbine performance have therefore been twofold; increasing the efficiency at 
low Reynolds number in which boundary layer separation is most likely to occur, and 
increasing the blade loading to reduce the blade count for a given stage. 
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 Current research in low pressure turbine blade performance has been toward 
understanding boundary layer separation in low Reynolds number flows and the effect of 
a large adverse pressure gradient resulting from increased blade loading.  As this research 
matures, new blade designs have been developed for the low pressure turbine that utilize 
the laminar boundary layer to reduce losses and withstand larger adverse pressure 
gradients resulting from increased blade loading.  Figure 1.1 illustrates the current design 
trend of blade count reductions as a function of pressure ratio.  
 
1.2 Literature Review 
1.2.1 Boundary Layer Development, Transition, and Separation 
Many researchers have suggested that a reduction of profile loss and boundary 
layer separation at low Reynolds number can be accomplished by affecting the transition 
of the boundary layer.  The three main modes of transition suggested by Mayle [6] in 
which a laminar boundary layer transitions to turbulent, are summarized by Öztürk and 
 
Figure 1.1     Current trend toward low pressure turbine blade count reduction [48]. 
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Schobeiri [7].  The first mode is referred to as natural transition and occurs when a weak 
instability in the laminar boundary layer develops into two-dimensional Tollmien-
Schlichting waves.  These waves are amplified within the boundary layer until they 
become three-dimensional and eventually transition the flow to turbulent.  This type of 
transition mode is described as only occurring in low free-stream turbulence 
environments and is said to be irrelevant to gas turbine flows which are considered to 
have high turbulence intensities.  The second mode of transition is referred to as bypass 
transition and develops through large disturbances in the external flow, causing the first 
mode of transition to be bypassed.  These large disturbances can be a source for a 
turbulent spot to develop in the boundary layer, effectively causing it to transition.  The 
third transition mode is called separated flow transition, and is described as occurring in a 
separated free shear layer of a laminar boundary layer.  A separated shear layer is said to 
originate when the flow close to the wall stagnates due to an adverse pressure gradient.  
This causes a flow blockage, forcing the rest of the flow to separate from the blade 
surface and a separated shear layer develops [8].  The transition process and its location 
in the separated free shear layer are explained as significantly affecting the separation 
bubble length and are often seen in the compressor and low pressure turbine [7]. 
Free-stream turbulence within a turbine engine can be on the order of 12-15 
percent which, as stated above, can affect the behavior of the boundary layer and its 
transition.  Researchers commonly use turbulence generating grids in wind tunnel testing 
to simulate this high free-stream turbulence seen in turbine engines.  The effects of 
Reynolds number and turbulence intensity on boundary layer separation were 
investigated by Volino and Hultgren [1] using a flat plate subject to the same 
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dimensionless pressure gradient as the suction side of a low-pressure turbine airfoil.  
Detailed velocity measurements were made in the Reynolds number range of 50k to 
300k, covering typical operating conditions for a low pressure turbine for cruise and take-
off environments.  It was found that Reynolds number and free-stream turbulence were 
not important factors on boundary layer separation as long as they are low enough to 
maintain a laminar boundary layer upstream of the separation location.  However, the 
location and the extent of the transition zone were said to be strongly dependent on 
Reynolds number and free-stream turbulence.  The reattachment process was observed to 
simultaneously occur with the onset of transition in both high and low free stream 
turbulence intensities.  In low free stream turbulence, the laminar boundary layer begins 
to fluctuate at the separation point and continues to fluctuate in a finite frequency band in 
the separated shear layer.  These fluctuations grow until a breakdown into turbulence 
occurs and the boundary layer would reattach.  For the high free-stream turbulence 
conditions, the separation bubbles were described as being considerably thinner.  For the 
higher Reynolds numbers of 200k and above, transition of the boundary layer was seen 
before the separation location and was often able to suppress the flow from separating.  
According to Volino and Hultgren, if separation were to occur at these high Reynolds 
numbers, the bubble was very small and did not affect the downstream development of 
the boundary layer. 
In a continuation of this study, Volino [9] found that high free-stream turbulence 
intensity had competing effects in the evaluation of losses.  The high turbulence was said 
to enhance mixing which tended to increase the boundary layer development along with 
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the losses.  At high enough turbulence intensities, it was observed to cause an earlier 
transition and reattachment, which decreases the boundary layer thickness and losses.   
In summary, Volino describes flow separation to be influenced by the state of the 
boundary layer and the location of transition.  Laminar, rather than turbulent boundary 
layers are much more susceptible to separation, and the location of transition can prevent 
or reattach separated flow.  In this study, according to Volino, if boundary layer transition 
occurs far enough upstream it can prevent separation, while if it occurs in the shear layer 
over a separation bubble, it will induce boundary layer reattachment.  Low Reynolds 
number flow moves the transition location further downstream, and unsteady flow 
associated with the flow turbulence intensity moves the transition location upstream.  
Although higher turbulence intensities may prevent separation, the effect of a longer 
turbulent region increases losses compared to an attached laminar boundary layer. 
1.2.2 Periodic Unsteady Flow and the use of Wake Generators 
  The flow inside a turbine engine is known to be unsteady and contain large scale 
structures that are not captured using turbulence grids in wind tunnels.  According to 
Doorly [10], the unsteady flow in a turbine engine is produced by three main sources, 
some of which produce periodic flow disturbances.  The first source is from the 
turbulence and instabilities generated in the combustion chamber.  The second is due to 
the potential flow interactions between stages which contribute to periodic unsteadiness.  
And the third cause of the unsteady flow is said to arise from the periodic unsteadiness 
generated from wakes shed by the separated blade boundary layers of the trailing edge of 
one stage, which propagates downstream, impinging on the successive stages.  Doorly 
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referred to this event as ―wake-passing‖.  The effect of wake passing has been listed by 
Walker as one of four primary factors influencing transition in gas turbine blades [11].  
Wake passing causes unsteady flow characteristics to develop through periodic 
perturbations caused by the passing rotor blades.  This periodic unsteadiness can have 
dramatic affects on profile losses of highly loaded low pressure turbine blades with 
separated boundary layers [12]. 
 Researchers have shown that small disturbances, including passing wakes, can 
affect transition on a laminar boundary layer or a separated free shear layer and therefore 
affect the losses generated.  Over the past three decades researches have attempted to 
include the effect of passing wakes in conjunction with free-stream turbulence for a more 
accurate and realistic evaluation of loss on compressor and low pressure turbine blades.  
The overall goal of these Researchers is to simulate the rotor-stator flow interactions seen 
in multistage turbomachinery in a more controlled environment such as a wind tunnel.  
The simulation of wakes shed from upstream stages in a wind tunnel environment 
has been performed in a number of different ways.  Typically, the simulations consist of 
wake generating mechanisms that traverse upstream of a test article, shedding wakes as 
they pass.  Although there is no set standard or theory for wake generating systems like 
there is for turbulence grids, researchers try to simulate a periodic wake passing that is 
consistent with what a turbine blade will see in a turbine engine.  Usually, the size and 
shape of the wake generating mechanism is chosen, such that a velocity deficit, 
turbulence parameter, drag coefficient, or loss coefficient is matched to that of a turbine 
blade.  Similarly, the spacing between the wake generating mechanisms and the distance 
upstream of the test article is also matched to what is found in a turbine engine.  The 
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velocity that the wake generating mechanism is traversed across the test section is 
typically chosen to match the velocity triangles of a turbine engine.   
One of the most famous wake generating systems is located in the Whittle 
Laboratory at Cambridge University and is shown in figure 1.2.  This system uses 
cylindrical rods as the wake generating mechanism and the rods are fastened to rubber 
belts that traverse across a linear cascade of turbine blades in a low speed wind tunnel.  
The rods enter and exit through the sides of the wind tunnel and complete the loop 
downstream of the cascade.  Various rod spacing and rod diameters have been used to 
match the typical spacing and loss coefficient of a stator vane. 
 
 The wake generating system at the Texas A&M University, shown in figure 1.3, 
also uses cylindrical rods as the wake generating mechanism.  The size of the rods and 
distance upstream of the cascade is chosen so that the Reynolds stresses and velocity 
deficit of the wake from the rod are matched to the wake shed from a turbine blade.  
Similarly the rod spacing and bar velocity is chosen to match what is found for a stator 
row and stage velocity triangle in a turbine engine.  
 




 Other noteworthy wake generating systems include one designed by Bons et al. 
[15] at Ohio State University, shown in figure 1.4; the high speed system located at the 
Universität der Bundeswehr München and is upstream of a high-speed wind tunnel 
shown in figure 1.5; and a rotating rig in an annular cascade at NASA Glenn Rotor-Wake 
Heat Transfer facility shown in figure 1.6.  The majority of wake generating systems that 
have been developed use cylindrical rods as the wake generating mechanism and wake 
parameters chosen to match what is found in a turbine engine.  
 








Figure 1.6     Schematic of annular cascade with rotating wake generating system at 
NASA Glenn Rotor-Wake Heat Transfer facility [17]. 
 
 
Figure 1.5     Schematic of high speed test facility wake generating system at the 
Universität der Bundeswehr München [16]. 
    
 
Figure 1.4     CAD drawing and schematic of wake generating system and test section at 
Ohio State University [15]. 
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1.2.3 Wake Generating Mechanisms 
The use of cylindrical rods as a wake generating mechanism is based on the 
similarities of the wake characteristics to a turbine blade.  In an experimental study, a 
two-component laser Doppler velocimeter (LDV) was used to look at the time-varying 
characteristics of the turbulent near wake of a large scale turbine cascade [18].  
Comparisons of the mean flow properties of the turbine blade wake were made to that of 
a wake shed from a circular cylinder.  It was found that the kinematic structure of the 
periodic flow was qualitatively similar to an analogous study of the near wake from a 
circular cylinder.  The magnitude of the velocity components, however, was much lower 
for the turbine blade and displayed slightly lower stream-wise and cross-stream Reynolds 
stresses.  It was also found that the Strouhal number associated with vortex shedding 
frequency was higher for the turbine blade.  Although the test was performed at a 
relatively high Reynolds number with a vortex shedding frequency of 1300 Hz, the 
authors state that the findings can be applied to lower Reynolds number flows with lower 
vortex shedding Strouhal numbers. 
 Schobeiri [19], who has done extensive research with wake flow through curved 
channels, states that the far wake (x/d > 80) from a cylindrical rod appropriately matches 
the Reynolds stress components of a wake from a turbine blade.  According to O‘Brien 
and Capp [20], who measured the two-component phase-average turbulence statistics 
downstream of cylindrical rods, found that cylinder wakes cannot simulate the boundary 
layer and the loading of an upstream blade.  The authors state however, that the velocity 
deficit and turbulence production are simulated to some degree. 
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 Researchers have found that even though the wake shed from a circular cylinder 
can not exactly match the wake from a turbine blade, the primary flow features of 
concern are adequately simulated.  The differences between the two wakes are thought to 
arise from the interaction of the flow coming off of the suction side and the pressure side 
of the turbine blade [10].  Sieverding et al. [21] was able to show smoke visualizations of 
the suction-side and pressure-side vortices in the far wake of a turbine blade 
demonstrating these interactions. 
 Pluim et al. [22] performed a wake comparison study of four different shapes to 
be used in a wake generator in an effort to better simulate rotor-stator flow interactions.  
The wakes of the four different shapes were compared to that of a wake shed by a L1A 
low pressure turbine blade.  Of interest to this current study were the results of the 
cylindrical rod, isosceles triangle (wedge), and a biconvex shape.  The wedge shape was 
chosen to better match the known asymmetric wake of a turbine blade while the biconvex 
shape was chosen to compare the wake of an aerodynamic shape.  By comparing 
individual parameters, such as the velocity deficit, RMS velocity, and Reynolds shear 
stress, a least squares analysis was performed to calculate the distance downstream (x/d) 
that the shape should be placed to best fit the profile obtained from the L1A turbine 
blade.  The results show that the biconvex shape had the thinnest and quickest recovering 
wake of the shapes tested, which resulted in the worst fit to the L1A wake.  The 
cylindrical rod had good similarities to the blade wake at an x/d distance of 8, but the 
wedge shape skewed at a 15 degree angle placed at an x/d distance of 6 was the best 
match and most like the turbine blade wake.    
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Extensive research has gone into the use of cylindrical rods as the wake 
generating mechanism because of the importance of accurately simulating upstream blade 
row wake shedding in wind tunnel testing.  The simulation of upstream wake shedding 
needs to be representative of engine conditions so that once a blade design has been 
evaluated in the wind tunnel, the results will scale to full engine rig tests.  The two wake 
characteristics of a stator or rotor most commonly chosen to match are the velocity deficit 
and turbulence quantities.  These quantities and their interaction with a boundary layer 
are thought to be responsible for affecting transition and separation on the blade suction 
surface.  
1.2.4 The Flow Physics and Transition Mechanism of Unsteady Wakes 
The effect of wake passing has been stated as being a primary factor in the 
transition of the boundary layer on low pressure turbine blades.  Understanding this effect 
on the transition process and on blade losses is desired if new blade designs are to have 
increased loading and improved low Reynolds number performance.  Through an effort 
to better understand the transition process, researchers have studied the interaction 
between unsteady wakes and separated boundary layers.  In an investigation of the 
development of a boundary layer with unsteady wakes, Schulte and Hodson [12] used 
hot-film sensors to determine the boundary layer characteristics at the onset and 
following the passing of an unsteady wake over a separation bubble.  Their data showed 
that, for a given bar diameter and spacing, a turbulent event is triggered in front of the 
impinging wake and moves at 70 percent of the free-stream velocity.  This turbulent 
patch, with its increased levels of shear stress, was observed to prevent the boundary 
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layer from separating and is followed by a laminar or ―becalmed‖ region.  The becalmed 
region is said to also prevent the boundary layer from separating due to its relatively 
elevated shear stress and more developed velocity profiles.  This effect did not last as a 
small separation bubble formed between passing wakes.  A predication of this becalmed 
region that follows the wake-induced turbulent patches was undertaken by Schulte and 
Hodson [23].  It was found that this phenomenon could be modeled by the laminar 
unsteady boundary layer equations, making it predictable and independent of any 
turbulence modeling. 
Unsteady surface pressure measurements on a low pressure turbine blade in the 
presence of unsteady wakes were made by Stieger et al. [24] with fast response Kulite 
pressure transducers.  Large amplitude fluctuations were seen in the measurements as the 
wake convected over the separation bubble.  PIV measurements were used to identify 
vortices present in the boundary layer, and it was confirmed by reference to literature that 
these vortices were responsible for the pressure oscillations.  The authors proposed that 
an instability mechanism from the passing wake amplified the fluctuations in the laminar 
shear layer.  This amplification is said to lead to the formation of rollup vortices 
embedded in the boundary layer.  
Stieger and Hodson [25] performed detailed two-dimensional Laser Doppler 
Anemometry (LDA) measurements on the suction surface of a low pressure turbine blade 
to further investigate the interaction between a convecting wake and a separation bubble.  
In this study, a new mechanism was observed that explains the boundary layer transition 
due to the interaction of a convecting wake.  
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 The process of the interaction and the transition mechanism is broken down into a 
sequence of events that is repeated periodically, as wakes pass over the blade surface.  
Figure 1.7, reproduced from Stieger and Hodson [25], depicts this sequence of events.  In 
this process, the authors build upon the concept proposed by Meyer [26], in which the 
convecting wake can be thought of as a negative jet within the flow field.  The authors 
describe the process staring with the wake acting like a negative jet, which impinges 
upon the blade surface upstream of a developing separation bubble.  The negative jet is 
said to split into two streams, one flowing upstream retarding the flow, and one flowing 
downstream accelerating the flow.  As the wake approaches the separation bubble, the 
authors observed the outer region of the boundary layer accelerate and the separated 
shear layer becoming more intensified.  As the wake convects over the separation bubble, 
the free shear layer becomes deformed as seen in Figure 1.7b.  At this point, the separated 
shear layer is very unstable and it is proposed by the authors that the wake disturbance 
triggers and inviscid Kelvin-Helmholtz rollup as depicted in Figure 1.7c.  It is said that as 
the wake continues to convect downstream, more rollup vortices are shed as shown in 
Figure 1.7d.  These vortices are described as being formed by the inviscid rollup of the 
shear layer, which then rapidly breaks down into turbulence and causes the boundary 
layer to transition.  The authors note that this transition mechanism requires a separated 





Two-dimensional Particle Image Velocimetry (PIV) was used by Uzol et al. [27] 
to investigate the interaction between unsteady wakes and the separated boundary layer 
on the suction side of a high lift low pressure turbine blade.  It was observed that before 
the wake impinged upon the blade, the separation bubble was large enough for the free 
shear layer to roll up into a vortex.  The authors explain that the roll up of the free shear 
layer is possibly due to the inviscid mechanism explained by Stieger and Hodson [25].  
From the PIV measurements, the separation bubble was seen to continually shrink in both 
height and length as the wake progressed through the blade passage.  Once the bubble 
became too small and the free shear layer was unable to roll into a large vortex, smaller 
size eddies were identified by their swirl strength, and were observed to combine forming 
other eddies, or breakup into turbulence.  Once the wake had passed, the separation 
 




bubble was observed to grow in height and length but was never able to attain the size of 
the steady flow case. 
 In a detailed unsteady boundary layer measurement, the onset and extension of 
the separation zone with unsteady wake flow was identified [7].  The separation zone was 
observed to periodically contract and expand with the passing wake.  The authors suggest 
that in conjunction with the pressure gradient and the passing wakes, the fluctuation 
acceleration (rate of change of RMS velocity with respect to time) offers a higher 
momentum and energy transfer into the boundary layer which energizes the separation 
zone and can cause it to partially or completely disappear.  A condition in which the 
direction of the fluctuation acceleration determines the behavior of the separation zone is 
presented.  The authors suggest if the fluctuation acceleration is greater than zero, the 
separation zone starts to contract and as it becomes less than zero, it gradually expands 
back to the shape before the contraction.  It is concluded that the fluctuation gradient is a 
natural characteristic of the periodic wake and does not exist in a steady flow with high 
turbulence intensity. 
The convection of a wake through a turbine passage was studied using two-
dimensional LDA [13].  In this study the perturbation velocity vectors, calculated by 
subtracting the ensemble average velocity from the time average velocity, were used to 
visualize the wake convecting through the blade passage.  The visualization showed the 
wake becoming bowed, stretched and elongated as it passed over the blade surface.  Most 
importantly, turbulence measurements revealed turbulent kinetic energy production 
external to the boundary-layer flow and provided a method in which the convection of a 
turbulent wake through a blade row may increase the levels of turbulence.  
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1.2.5 Affect of Periodic Unsteady Wakes on Flow Separation and 
Losses   
The inclusion of unsteady wakes in the flow around a low pressure turbine blade 
at low Reynolds number has been shown to be very beneficial, especially if the suction 
surface exhibits a separated boundary layer.  Schobeiri [28] performed a study in which 
the Reynolds number and the wake passing frequency was varied and compared to steady 
flow conditions.  It was shown that increasing the Reynolds number from 110k to150k 
had little effect on the separation bubble and Cp distribution for the steady state case.  For 
the unsteady case however, the Cp distribution displayed increased loading with a shorter 
separated region for the higher Reynolds number, indicating the separation bubble had 
been reduced in height and length.  Boundary layer measurements confirmed these 
observations and revealed the separation bubble contracting and expanding as the wake 
passed. 
 The free-stream turbulence intensity (FSTI) can also play an important role in the 
extent of flow separation with passing wakes.  Öztürk and Schobeiri [29] performed a 
turbulence study with passing wakes for four different FSTI and found that the effect of 
the wake can be washed out in the turbulence and the separation behavior is completely 
dominated by turbulence levels.  It was found that the wake becomes absorbed in the 
free-stream turbulence when the level of the time-averaged turbulence fluctuations is 
above the maximum level of the wake fluctuations. 
 In a similar study using the same facility, the effects of periodic unsteady wake 
flow on boundary layer development, and separation along the suction surface of a low 
pressure turbine blade was investigated [14].  In this study, two unsteady and one steady 
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flow conditions were analyzed at a Reynolds number of 110k.  Similar results were found 
in which the wakes periodically disturb the boundary layer with their high turbulence 
vortical core, and were effective in reducing the size of the separation bubble.  A periodic 
contraction and expansion with a reduction in the separation bubble height was also 
observed. 
 Curtis et al. [2] used a loss-lift parametric study to design low pressure turbine 
blades based on the results from a datum profile.  It was shown that the inclusion of 
wakes caused an attached transitional boundary layer to develop on the blade surface 
which was previously laminar for steady inflow.  The addition of the wakes had modified 
the boundary layers on all three blades tested and it was a contributing factor in the loss 
measurements. 
Utilizing this knowledge gained from increased blade loading with unsteady wake 
flow, a study was performed using newly designed ―ultra high lift‖ blade profiles and 
compared to a previous generation of high lift profiles [5].  Experiments were performed 
in both a high speed and low speed cascade with unsteady wakes, and then validated 
using a high speed cold flow multi-stage turbine rig.  The high lift profiles achieved a 
20% blade count reduction from previous designs while the ultra high lift profiles 
attained an 11% further reduction in blade count from that of the high lift design. 
In both the high speed and low speed cascade tests with unsteady wakes, a strong 
dependency on Reynolds number was shown with losses increasing with decreasing 
Reynolds number.  The high speed cascade tests show that the ultra high lift profile had 
lower losses from a Reynolds number (based on suction surface length and isentropic exit 
velocity) of 300k to 105k, then increased dramatically and surpassed that of the high lift 
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profile down to the tested Reynolds number of 70k.  The results were not as promising 
for both the low speed and cold flow rig tests.  In both tests the high lift profile slightly 
out-performed the ultra high lift profile which showed higher losses and lower efficiency.  
Although the ultra high lift profile did not out-perform the high lift profile, a higher 
loading with decreased blade count and a significant reduction in weight was achieved.  
The authors note that further investigation is needed to identify the source of the loss in 
performance.  However, they suggest it may be caused by increased secondary flow due 
to the higher loading and decreased wake passing frequency due to the decreased blade 
count. 
Using the same cold flow test rig as in [5], Howell et al. [30] performed a 
boundary layer study using surface mounted hot-film sensors, in which wall shear stress 
was analyzed for both a high lift profile and an ultra high lift profile that had a 12 % 
reduction in blade count.  The results showed that much of the flow physics seen in the 
low speed cascade tests with simulated wakes was present in the full size cold flow test 
rig.  The cold flow test rig data showed the typical regions of wake induced transition 
followed by a calmed region, which further validates the usefulness and the ability to 
simulate rotor-stator flow interactions in low speed cascades with simulated upstream 
wakes. 
A similar study by Howell et al. [4] showed that higher lift generating low 
pressure turbine profiles can be achieved when the inclusion of wake induced transition is 
taken into account at the design phase of the turbine blade.  In this study, multiple mid-
loaded profiles with increasing lift were tested and compared to a mid-loaded datum 
profile.  Hot-film measurements showed that, for a fixed peak suction location, as the 
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loading was increased, unsteady flow reattachment of the boundary layer was shown to 
have moved upstream when compared to the datum profile with steady inflow.  The 
authors cite Howell [8] as showing that, as the surface length of the bubble is reduced 
with increasing lift, the height of the bubble is increased along with the losses generated.  
The authors explain that this loss increase under steady flow conditions is partly due to 
the increased region of a turbulent boundary layer that develops downstream of 
reattachment.  With the inclusion of simulated unsteady wakes, the data shows a 
significant reduction in losses.  The authors state that the potential for obtaining a loss 
reduction with the use of wakes increases as the loading increases.  
Using this information, and in an attempt to reduce the turbulent region 
downstream of reattachment, an aft-loaded blade design was produced with 15% 
increased loading over the datum profile.  In an aft loaded blade, peak suction occurs 
further downstream along with the separation and reattachment locations, effectively 
reducing the post reattachment turbulent region.  The results with simulated upstream 
wakes show that the aft loaded profile had slightly higher losses than the datum profile, 
but produced 15% more lift, which translates into a 15% blade count reduction.  Howell 
et al. [4] concludes that understanding the unsteady effects of wake flow can change the 
design limits placed on the location of peak suction and separation as well as the 
deceleration level. 
Periodic wakes have been shown to reduce profile losses at low Reynolds number 
due to a reduction of the separation bubble.  At high Reynolds numbers, the reduced 
viscous effects along with the smaller boundary layer can prevent separation as discussed 
previously.  In a study by Coton et al. [31] in which high Reynolds numbers were tested, 
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the advantages of unsteady wakes deteriorated with increasing Reynolds number.  At 
high Reynolds number the boundary layer becomes thinner and transition was shown to 
occur without the inclusion of unsteady wakes.  At these high Reynolds numbers, the 
inclusion of wakes slightly increased the losses as larger turbulent regions were present.  
Similar results were found in other studies at high Reynolds number [32] [12] where the 
unsteady wakes increased losses.  In these studies it was concluded that the loss reduction 
at low Reynolds number was significant and outweighed the efficiency cost of the 
relatively small loss increase at high Reynolds number. 
Periodic wakes have been shown to reduce the separation bubble, but in many of 
these studies the separation bubble was not completely removed and was shown to grow 
between passing wakes.  Flow control studies with periodic wakes have attempted to 
further reduce the separation bubble and losses.  Gompertz [33] performed a separation 
flow control study using vortex generating jets with simulated upstream wakes on the 
L1A low pressure turbine blade.  It was found with periodic unsteady wakes, the 
separation zone was reduced, and the integrated wake total pressure loss was decreased 
by more than 75%.  This however, was not enough to fully attach the flow and a small 
separation bubble remained.  With the inclusion of the vortex generating jets, the flow 
became attached and the Cp distribution fully recovered its high Reynolds number 
performance.  The author states that with vortex generating jets located at 72% Cx, 
pressure data indicated that the jet disturbance assumes a secondary role to the unsteady 
wakes, requiring more energy to penetrate through the separation zone.  It is concluded 
that the actuation of the jet inside the separated zone increased the effectiveness by 
timing the jet induced calmed zone between wake passing events. 
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In a parametric study by Zhang and Hodson [34], the effect of surface trips on the 
profile losses of a low pressure turbine blade were examined and then applied with the 
presence of unsteady wakes.  It was found that employing the optimized surface trip with 
unsteady wakes did not induce transition immediately, but sped up the transition process 
in the separated shear layer.  This occurred underneath and between the wakes and 
further reduced the profile loss. 
1.3 Objective 
The role of wake generating systems in the research of flow separation on low 
pressure turbine blades has proven to be invaluable.  Extensive research using wake 
generating devices has been ongoing for the past thirty years and will continue as more 
research is necessary to reach the goals of efficiency and blade loading industry desires 
(Figure 1.1).  In an effort to help industry reach these goals, the Air Force Research 
Laboratory (AFRL) has been working to expand the design space and push the 
aerodynamic loading limits of low pressure turbine blades [35].  In a continuation of this 
effort, a wake generating system was desired for use in the AFRL low speed wind tunnel 
(LSWT) facility to further investigate the effects of periodic unsteadiness on low pressure 
turbine blade efficiency.   
The subject of this thesis is the design and characterization of a wake generating 
system for the AFRL low speed wind tunnel.  The design objective is to produce periodic 
unsteadiness in the flow impinging upon a linear cascade of low pressure turbine blades 
that properly simulates the effect of upstream blade row wake shedding.  It was preferred 
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that the design have little to no modifications to the existing wind tunnel structure and the 
appropriate flow conditions be maintained across the test section.  In accordance with 
these design constraints, a completely internal wake generating system was developed for 
the AFRL low speed wind tunnel. 
The characterization of the wake generating system was a comprehensive study of 
the effect on the wind tunnel flow and the behavior of the cascade of low pressure turbine 
blades with periodic unsteady wakes.  The effect on the wind tunnel flow was assessed by 
checking for proper flow velocities at various locations within the wind tunnel using hot-
wire measurements, and verifying cascade periodicity with pressure measurements.  The 
wake produced from the wake generating system was characterized with turbulence 
quantities and wake properties measured from the velocity deficit of two different wake 
generating shapes.  Wake loss measurements were obtained for evaluation of blade losses 
with periodic unsteady wakes and compared to steady inflow data.  Pressure taps were 
instrumented on the suction and pressure side of the blade profile to obtain surface 
pressure measurements and blade loading characteristics.  Particle image velocimetry 
(PIV) was used on the flow along the blade suction surface for a complete analysis of the 
flow field within the blade passage with periodic unsteady wakes.  The free-stream 
turbulence intensity (FSTI) was varied for each measurement from a low FSTI of 0.5% to 
a high FSTI of 3.4%.  This characterization of the new wake generating system provides 
quantification of wake generating parameters and demonstrates the capabilities and 







Wake Generator Design 
2.1 Experimental Facility 
A wake generating system was designed for the low speed wind tunnel at AFRL Wright-
Patterson Air Force Base.  The dimensions and functionality of the wind tunnel were the 
primary design constraints for the wake generating system. 
 The wind tunnel is an open circuit type with a 0.85m tall by 1.22m wide test 
section containing a linear cascade of low pressure turbine blades.  The test section 
contains adjustable tailboards to set cascade periodicity and is able to be angled for 
different inlet and exit angles.  A 125hp variable frequency electric motor drives an axial 
flow fan located downstream of the test section and is capable of inlet velocities up to 
80m/s.  The inlet is a 3.0m by 2.7m rectangular bell-mouth with an 8:1 gradual reduction 
in cross-sectional area.  Air enters through a series of honeycomb flow straighteners, 
which produce a flow uniformity of less than 1% and a free-stream turbulence intensity 
(FSTI) of approximately 0.5% at the test section inlet.  An optional square bar mesh 
turbulence-generating grid can be placed upstream of the cascade yielding a free-stream 
turbulence intensity of about 3.4% to better match the flow field encountered in a turbine 
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engine.  A schematic of the wind tunnel can be seen in figure 2.1(a) and the entire setup 
is shown in figure 2.1(b). 
 
2.2 Wake Generator Design Objectives and 
Constraints 
The overall design objective for the wake generating system was to produce periodic 
unsteadiness in the flow impinging upon a linear cascade of low pressure turbine blades, 
which properly simulates the effect of upstream blade row wake shedding.  It was 
preferred that the design have little to no modifications to the existing wind tunnel 
structure and the appropriate flow conditions be maintained across the test section.  
Historically, installing a wake generating system in a wind tunnel consisted of cutting 
into the test section and separating it from the inlet and exit.  This allows for the drive 
system to be mounted externally and the wake generating mechanism to enter and exit 
through the wind tunnel sides.  Since cutting into the current test section was undesirable, 
a completely internal design was chosen for the wake generating system.  The enclosed 
     
Figure 2.1     (a) Top view schematic of wind           (b) Wind tunnel setup at AFRL. 
       tunnel test section 
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design does not modify the current wind tunnel structure and keeps the internal flow 
contained without leakages, unlike other external wake generator designs.  
In a typical design of a wake generating system, the wake generating mechanism 
traverses across the cascade upstream, and again downstream, in order to complete a 
cycle.  With the entire system limited to inside the wind tunnel, certain design constraints 
became apparent.  Cascade geometry in the test section would not allow for any part of 
the system to pass through, therefore limiting the entire structure to be placed upstream of 
the cascade.  All functionality and adjustability of the wind tunnel was to be maintained, 
including the use of the optional turbulence grid.  Based on these constraints, the entire 
wake generating system was to be confined between the cascade and turbulence grid in 
the approximately 2.3m long region with a constant cross-section of 0.85m by 1.22m 
(figure 2.1a).  Since the entire system was to be placed inside the wind tunnel, the 
components of the system were to be small and low-profile so that the flow at the test 
section was not unintentionally disturbed.  These requirements were feasible given the 
large scale of the wind tunnel and the relatively large wall boundary layers in which the 
wake generator components could be contained. 
2.3 Wake Generator Design  
2.3.1 Wake Generating Mechanism 
The majority of wake generating systems use cylindrical rods as the wake generating 
mechanism.  The validity of this was investigated in the literature review and it was 
shown that the wake shed from a cylindrical rod adequately matches the wake shed from 
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a turbine blade [10, 18, 19, 20-22].  Based on these studies, it was decided to also use a 
cylindrical rod as the wake generating mechanism for this system.  Carbon fiber rods 
were chosen as the wake generating mechanism due to their relatively light weight and 
natural dampening characteristics to help suppress rod vibration.  Following the same 
methodology of other wake generating systems, the rod diameter was chosen to match the 
trailing edge diameter of the cascade blade profiles, and the placement upstream of the 
cascade was chosen to be a half of an axial chord length.  Although a typical vane count 
is 60-75% of the blade count in a low pressure turbine [36], the rod spacing was chosen 
to match the blade spacing of the cascade as this was thought to be a good starting point.  
This resulted in the rods traversing 8.9cm upstream of the cascade with a rod diameter of 
3.2mm, and a rod spacing of 17.8cm. 
 As a second option, an airfoil shape was designed to be used as a wake generating 
mechanism to better match the wake shed from a turbine blade.  A symmetric NACA 
0025 airfoil was chosen as the wake generating shape for its relatively thick aerodynamic 
body which is thought to produce a more appropriate wake.  A casting mold was 
designed so that the airfoil shape could be cast around a hollow aluminum rod, allowing 
easy installation overtop the existing carbon fiber rods.  In an effort to minimize the flow 
disturbance of the airfoil as it travels around the track, the airfoil was designed to 
―weather-vane‖ around the carbon fiber rod.  This allows the leading edge to always face 
the flow direction, minimizing the flow blockage. 
2.3.2 Track Configuration 
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Based on the design configuration, it was determined that a squirrel cage design common 
in other wake generating systems would best suit the wind tunnel layout.  The squirrel 
cage design consisted of the cylindrical rods oriented vertically and fastened to the drive 
mechanism running along the top and bottom of the wind tunnel.  
A fully enclosed design with the entire system upstream of the cascade will 
inherently cause secondary wakes to be generated as the wake generating mechanism 
makes a second, upstream traverse, back across the wind tunnel completing the cycle.  
This is the drawback to an internal wake generating system, as wakes cannot be 
continuously produced due to the effect of secondary wakes.  Instead, the cylindrical rods 
were only placed on a portion of the traversing track so that the generation of secondary 
wakes upstream does not interfere with the primary wakes.  Different track 
configurations were conceived by Dr. Rolf Sondergaard of AFRL in an attempt to 
optimize the number of primary wakes generated in a single cycle.  These configurations 
were based on the dimensions of the wind tunnel and also utilized a delay loop to achieve 
a suitable number of primary wakes shed during one cycle.  
An optimization routine was developed by Dr. Sondergaard to quantify the track 
configurations based on maximizing the number of primary wakes while minimizing the 
cycle time.  For each track configuration, the rod speed, rod spacing, and the number of 
rods were used as inputs to the optimization routine, and the track length, primary wake 
time, cycle time and efficiency were calculated.  The optimal track configuration was 
chosen based on an efficiency parameter which was defined as the ratio of primary wake 
generating time to cycle time.  Figure 2.2 shows an example of the different track 
configurations examined and figure 2.3 shows the optimization routine visualization.  
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The visualization is a time plot that demonstrates the time of primary (bottom region) and 
secondary (top region) wake shedding with the distance along the cascade face.  
Parameters were adjusted so that the primary and secondary wakes did not overlap. 
 
 
The optimal track configuration, shown in figure 2.2 (c), produced a track length 
of 8.407m with 18 cylindrical rods equally spaced across a 3.02m span.  Based on these 
 
 











dimensions the wake generator system has a 36% duty cycle for which primary wakes are 
generated.  
 A hollow pin roller-chain was chosen as the carrier mechanism and allowed easy 
attachment of the rods.  A 3hp, 3450rpm variable frequency motor was selected to drive 
the system through a 1.59cm diameter shaft by means of a v-belt.  The v-belt was used 
instead of a direct drive system as a safety precaution in case the chain locked up, the belt 
would slip and not cause any damage.  The drive motor was to be mounted externally 
with the dive shaft penetrating through a hole on the top of the wind tunnel.  The final 
design uses five sprockets on the top and bottom of the wind tunnel to guide the chain 
through directional changes and two chain tensioners located on the slack side of the 
drive pulley.  
2.3.3 Wake Generator Structure 
The low speed wind tunnel at AFRL is adjustable for various inlet and exit flow angles 
and it was necessary to have the wake generating system also be adjustable for various 
angles.  Based on this need, UniStrut
TM
 was selected for the wake generator structure so 
that all of the components are adjustable for different configurations of the wind tunnel.  
The wake generator structure, chain, sprockets, chain guides, and tensioners, were all 
designed to be compact and placed as close to the wind tunnel walls as possible.  By 
keeping the majority of the structure within the approximately 10 cm thick wind tunnel 
wall boundary layers, the free-stream flow disturbances caused by the wake generator 
structure should be minimized.  The final design was drawn using 3D CAD software and 
is shown in figure 2.4 and figure 2.5.  A picture of the wake generating system installed 










Figure 2.5     3D CAD drawing of wake generator structure installed in wind tunnel.  
Wake generator system is highlighted in red. 
 
 
Figure 2.4     3D CAD drawing of wake generator structure with chain tensioner, 







































Characterizing the Periodic Wake 
Produced by the Wake Generator 
3.1 Experimental Analysis 
Velocity and pressure measurements were performed downstream of the wake generating 
mechanisms to characterize the wakes impinging upon the cascade of turbine blades.  The 
individual wake was quantified by wake width, peak velocity deficit, and momentum 
deficit.  The wake width b, and values used to calculate peak velocity deficit up are 
defined in figure 3.2.  The wake width as used here, was measured from 95% of the 
undisturbed velocity on either side of the wake velocity deficit.  The peak velocity deficit 
up, was calculated using eqn. (3.1) for each wake generating mechanism. 
      (3.1) 
In this equation, U is the average undisturbed free-stream velocity and u0 is the minimum 
value of the velocity in the deficit.  The momentum deficit of the generated wake can be 
derived from the linear momentum equation for a fixed, non-deforming control volume.  







                (3.2) 
The control surface used in the analysis of this equation is shown in figure 3.3.  It is 
assumed that the boundaries of the control surface are located a distance away from the 
body so that the pressure across the control surfaces is constant.  The surface at B is also 
assumed to be a distance downstream where the static pressure is equal to the free-stream 




 The integrated momentum deficit was also used in the evaluation of the number 
of cycles needed to fully develop the time-averaged wake.  This parameter was used 
 
 
Figure 3.2     Control surface for momentum deficit of the generated wake  
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since each individual wake produced by the cylindrical rod should contain about the same 
momentum deficit as a time averaged wake.  Therefore, based on conservation of 
momentum, a converged momentum deficit should be obtained, given the appropriate 
amount of cycles.  The number of cycles needed for a converged result will also be used 
in the evaluation of the integrated wake total pressure loss measurement.  A fully 
developed time-averaged wake is needed for this measurement in order to properly 
evaluate the effectiveness of the periodic unsteadiness.  
3.2 Experimental Setup 
A characterization of the wakes shed from the two wake generating mechanisms 
was performed using pressure and velocity data at two different Reynolds numbers and 
two different free-stream turbulence intensities.  Since low Reynolds number 
performance is of interest, a Reynolds number (based on inlet velocity and axial chord 
length) of 25,000 and 50,000 were used with a FSTI of 0.5% and 3.4%.  For each of these 
flow conditions, two different traversing speeds were considered while rod diameter and 
rod spacing were held constant.  A common parameter used in evaluating the traversing 
speed with respect to the flow speed is the flow coefficient.  The flow coefficient is 
defined as the ratio of the axial flow velocity to the rod velocity and is shown in eqn. 
(3.3).  
                 (3.3) 
For each Reynolds number and FSTI tested, data was taken with a flow coefficient of 0.7 








These values of flow coefficients are commonly used values to match velocity 
triangles of a rotor and stator blade row [12].  Figure (3.1) gives a geometrical 
representation of modeling a vane row with cylindrical rods and the respective flow 
interactions.  In this figure, it is shown that as the rotor blades rotate, they are subject to 
periodic unsteadiness generated from upstream vane row wake shedding.  Matching the 
rod velocity to the velocity triangle of the stage, and allowing the rods to traverse across a 
static cascade can effectively simulate the rotor stator interaction. 
 
Pressure and velocity data was taken by placing a total pressure Kiel probe, along 
with a single element hot-wire probe, in an undisturbed region of flow upstream of the 
passing rods so that free-stream conditions could be obtained.  The velocity probe was 
placed upstream of the primary wakes, but within the loop of the wake generator.  The 
measuring probe needed to be placed here so that the inlet velocity to the cascade could 
be measured for the Reynolds number calculation.  A second total pressure Kiel probe 
and a single element hot-film probe were mounted together, 6.35cm apart in the span-
 
































wise direction, and placed just in front of the leading edge of the cascade between blades 
3 and 4.  The total pressure Kiel probes were connected to the high and low pressure side 
of a Druck LPM5481 differential pressure transducer with a range of -50 to 200 Pa.  The 
output of this device was the difference in total pressure between the free-stream and the 
affected downstream total pressure.  The upstream hot-film probe was used in setting the 
free-stream conditions of the wind tunnel, while the second probe was used to measure 
the velocity deficit of the wakes impinging upon the linear cascade.  Data was taken with 
the measuring probes in a fixed position while the eighteen cylindrical rods passed by 
during a cycle.  
Data was recorded using Lab View
TM
 data acquisition software.  The software 
was setup so that data was acquired at a sampling frequency of 2 kHz for both pressure 
and velocity.  Data acquisition was phased locked, based on the location of a trigger 
sensor.  This sensor was a fast response phototransistor optical sensor and was triggered 
by flags placed along the length of the chain.  Two photoelectric sensors were used, one 
to trigger the phased locked data acquisition process, and another to measure the speed of 
the chain.  Phase locking the data acquisition was needed since the cylindrical rods were 
only spaced out across 36% of the total chain length.  
3.3 Wake Characteristics from a Partially Populated 
Chain 
A complete cycle of ensemble average velocity data at a Reynolds number of 
25,000 with a FSTI of 0.5% and 3.4% is shown in figure 3.4.  The second smaller set of 
periodic wakes in this figure are the secondary wakes generated as the rods make a 
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second traverse across the wind tunnel completing the cycle.  No interaction between 
primary and secondary wakes was observed, proving the effectiveness of the delay loop.  
The velocity trace at the low FSTI of 0.5% shows strong evidence of the secondary 
wakes for both the inlet probe and cascade wake probe.  The magnitude of the velocity 
fluctuation in the secondary wakes was unexpected given the small rod diameter and the 
distance upstream the wakes are generated. 
At the higher FSTI of 3.4%, the secondary wakes appear to be mostly washed out 
in the free-stream turbulence with little remnants of a periodic velocity deficit.  The effect 
of the secondary wakes mixed with the primary wakes will be investigated further by 
using a chain fully populated with rods.   
The data in figure 3.4 shows that as the cylindrical rods first pass by, it takes 
about three rod passes before a periodic wake is established.  Therefore, it was decided to 
analyze the wake from the ninth rod for the characterization to eliminate any non periodic 
effects.  The ensemble averaging was also observed to eliminate non-periodic effects due 
to rod vibration and random fluctuations in the wake. 




Using the momentum deficit from the ninth wake, a convergence study was 
produced for evaluating the number of cycles needed for a fully developed time-average 
wake.  A range of 50, 100, 200, and 400 cycles were averaged for two data sets at a 




Figure 3.4     Complete cycle of ensemble average velocity data showing both primary 
wakes and secondary wakes.  (Re = 25k, Top: FSTI 0.5%, Bottom: FSTI 3.4%) 
 
Primary Wakes Secondary Wakes 
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data was taken for the higher Reynolds number with similar results, but for simplicity, the 
25,000
 
case will be considered here.  Increasing from 50 to 100 cycles, the integrated 
momentum deficit saw a change of 3.5%, while going from 100 to 200 cycles averaged, 
the momentum deficit saw a 1.5% change.  A similar trend is shown for 200 to 400 
cycles averaged with a 3.2% change.  These values are well within an acceptable change 
for experimental data and compared well to the instantaneous data.  From these results, 
along with comparing values to the instantaneous raw data, it was decided to use 100 
cycles to define a fully developed time averaged wake.  A summary of this convergence 
data for every ensemble is shown in Figure 3.5. 
 
Using 100 cycles for an ensemble average and analyzing the ninth wake produced 
from the series of eighteen rods, the wake width, peak velocity deficit, and integrated 
momentum deficit was calculated for each case and summarized in Table 3.1.   
 





As expected, for a constant FSTI the experimental results show increasing momentum 
deficit with increasing Reynolds number and decreasing flow coefficient.  This agrees 
with the definition of flow coefficient that a lower value results in a higher wake passing 
frequency and a higher Reynolds number seen by the rod.  The increase in FSTI results in 
a dissipation of the wake parameters as it affects both the convection of the wake and also 
the behavior in which it is shed from the rod.  A net reduction in all of the parameters was 
observed as the wake became mixed in with the flow and had less of an effect on the free-
stream compared to the low FSTI case.     
 The results for the wake width and peak velocity deficit did not show a trend with 
Reynolds number.  This variation in the results is thought to be due to rod vibration and 
the distance downstream in which the wake was measured.  At half an axial chord length 
downstream, the wake is being measured at 28 rod diameters downstream.  For these low 
rod Reynolds numbers (400-1800), the wake properties at this distance are categorized as 
being in the near wake (x/d<80) which is considered to be much more erratic.  This is due 
to the fact that the wake of a blunt body such as a cylindrical rod creates a wake of 
Reynolds 
Number/FSTI Flow Coefficient  Momentum Deficit Wake Width (m) Peak Velocity Deficit 
25k/0.5% 0.817 0.0220 0.0861 0.2143 
25k/0.5% 0.697 0.0246 0.0809 0.1816 
25k/3.4% 0.810 0.0144 0.0715 0.1335 
25k/3.4% 0.712 0.0158 0.0651 0.1254 
50k/0.5% 0.821 0.0683 0.0624 0.1752 
50k/0.5% 0.700 0.0982 0.0667 0.2047 
 
Table 3.1     Calculated wake characteristics based on hot-film measurements for a 36% 




alternating shed vortical structures [38].  In the near wake these structures are very 
unsteady in nature and do not produce as consistent results, as compared to being in the 
far wake or similarity region.  The rod vibration along with the rod not being a perfectly 
smooth cylinder, can lead to a turbulent wake being shed which would produce these 
inconsistencies.  
 The pressure measurements showed a decrease in total pressure from the location 
downstream of the turbulence grid to the cascade leading edge.  Unfortunately, the 
pressure never attained a steady state value, as the 36% duty cycle of the wake generator 
was not long enough to produce a flow-field long enough to measure.  This resulted in a 
sinusoidal behavior of the data as wakes are shed and then followed by a calm period 
during the cycle. 
3.4 Wake Characteristics from a Fully Populated 
Chain 
A continuous generation of wakes is very desirable, in that it would simplify the data 
acquisition process and speed up the measurement time.  In addition, some measuring 
devices, particularly pressure measuring devices, have relatively slow response times and 
require a flow-field to be established for a certain duration of time.  In some cases, a 
wake generator with a 36% duty cycle may not establish a flow-field long enough to 
accurately measure.  Therefore, the feasibility and accuracy of a continuous generation of 
wakes with the current system was investigated. 
In order for a continuous generation of wakes with the current system to occur, 
rods would have to be placed around the entire length of the chain.  With this 
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configuration, the secondary wakes will affect the primary wakes and an unwanted 
disturbance in the wind tunnel flow may occur.  In an effort to quantify this, the chain 
was populated with rods around the entire length, and wake characteristics were 
quantified by wake width, peak velocity deficit, and momentum deficit, in the same 
manner as in the previous section.  Data was also acquired in the same way with hot-wire 
probes and ensemble averaging of the data.  The results with the fully populated chain 
were then compared to the results with a partially populated chain. 
For simplicity, a Reynolds number of 25,000 with both flow coefficients and both 
levels of FSTI were evaluated.  Figure 3.6 shows a time trace for one case of the 
ensemble averaged velocity data for a complete cycle with the continuous generation of 
wakes.  The velocity trace shown in this figure displayed small disturbances in-between 
passing wakes and was observed in all four cases.  The first set of wakes in this figure 
show a larger disturbance in-between the passing wakes compared to the disturbances 
seen in the remaining wakes.  When a more detailed analysis was done on the individual 
wakes, a similar observation was made at the peak of the deficit with larger fluctuations 
occurring in some wakes.  These disturbances and random magnitude fluctuations are 
thought to be a function of the location in which the secondary wakes interact on the 
primary wakes.  These fluctuations do not seem to be a large factor in affecting the shape 




Wake properties were measured in the same manner as the previous section with 
100 cycles averaged in the ensemble.  Since there is no delay in establishing periodic 
unsteady flow with the continuous generation of wakes, a random wake was selected for 
analysis.  To make the analysis easier and more repeatable, a wake without large 
fluctuations from the secondary wakes was chosen from each data set.  Table 3.2 
summarizes the wake properties obtained from the analysis. 
 
Figure 3.6     Complete cycle of ensemble average velocity data for a fully populated 




The trends in table 3.2 are similar to the ones shown in table 3.1.  As the flow 
coefficient is decreased, the momentum deficit increased for both FSTI tested.  Once 
again, there was no apparent trend for the wake width and peak velocity deficit with 
Reynolds number.  This variation in the results is again thought to be due to rod 
vibrations resulting in a turbulent wake and the distance downstream in which the wake 
was measured.  
Comparing the wakes from the 36% duty cycle wake generator to the 100% duty 
cycle wake generator showed a decrease in the effect of higher turbulence intensity.  For 
the 36% duty cycle case, the momentum deficit decreased on average 35% from the low 
FSTI to the high FSTI, while the 100% duty cycle case only decreased 7%.  The peak 
velocity deficit and wake width were within an expected experimental variation and the 
secondary wakes did not seem to have an overwhelming effect.  In general the wake 
characteristics were similar for the partially populated chain and the fully populated 
chain.   
It was observed for the 100% duty cycle case, in all four data sets, the velocity 
magnitude had increased from the inlet probe to the cascade probe.  A slight change in 
Reynolds 
Number/FSTI Flow Coefficient  Momentum Deficit Wake Width (m) Peak Velocity Deficit 
25k/0.5% 0.802 0.0222 0.0628 0.1849 
25k/0.5% 0.695 0.0279 0.0652 0.2079 
25k/3.4% 0.805 0.0220 0.0609 0.1735 
25k/3.4% 0.714 0.0242 0.0596 0.1746 
 
Table 3.2     Calculated wake characteristics based on hot-film measurements for a 100% 




velocity was observed in the 36% duty cycle data, but was marginal.  For the 0.8 flow 
coefficient, the velocity magnitude had increased by about 5.5%, while for the 0.7 flow 
coefficient, the velocity magnitude had increased by about 6.5%.  This increase in 
velocity magnitude can be attributed to the addition of a swirl velocity caused by the rods 
as they traverse across the wind tunnel.   
A single element hot-film probe, such as the one used in this experiment, only 
measures velocity magnitude and is insensitive to direction.  Knowing the free-stream 
velocity from the inlet probe and the effective velocity measured by the cascade probe, 
the tangential component of velocity induced by the rods can be decomposed.  An 
estimate of the tangential velocity magnitude along with the change in flow incidence can 
be made using vector decomposition shown in figure 3.7.  Using this analysis, for a flow 
coefficient of 0.8, the tangential velocity induced by the traversing rods was estimated at 
1.49 m/s, which changes the flow incidence angle by 4.7 degrees. Similarly, for a flow 
coefficient of 0.7, the tangential velocity was estimated at 1.52 m/s, which changed the 
flow incidence angle by 5.0 degrees.  This change in the flow incidence angle is 
undesirable, as the cascade is no longer being tested at design conditions which can 




The effect of a change in flow incidence angle on turbine blade performance is 
dependent on the location of peak loading on the turbine blade [39].  Aft loaded turbine 
blades are inherently less affected by small flow incidence angle changes due to blade 
loading location.  With peak loading occurring on the aft portion of the blade, the flow 
within the blade passage can correct itself before peak loading is reached.  For front 
loaded blade profiles however, small variations in flow incidence angle can have a large 
effect on blade performance.  At peak loading, the boundary layer is very susceptible to 
separation, and a small change in flow angle can cause a boundary layer to separate.  This 
small change in flow incidence angle present in the wind tunnel with a 100% duty cycle 
wake generator was determined to be insignificant when testing aft loaded blade profiles.  
Further investigations will be needed when front loaded profiles are used with the 100% 
duty cycle wake generator.    
 
 
Figure 3.7     Vector decomposition of the flow inside the wind tunnel. 
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3.5 Wake Characteristics from an Airfoil Shape 
An airfoil shape was designed as an alternative wake generating mechanism to better 
match the wake shed from a turbine blade.  A symmetric NACA 0025 airfoil was chosen 
as the wake generating shape for its relatively thick aerodynamic body, which is thought 
to produce a more appropriate wake.  A casting mold was developed and the airfoil shape 
was cast around a hollow aluminum rod, which was then installed overtop the existing 
carbon fiber rod.  In an effort to minimize the flow disturbance of the airfoil as it travels 
around the track, the airfoil was designed to ―weather-vane‖, or rotate according to the 
flow direction, around the carbon fiber rod.  This allowed the leading edge to always face 
the flow direction, minimizing the flow blockage.  For this initial quantification, nine 
airfoil shapes were made and the wake was evaluated along with the ability of the airfoil 
to weather-vane.  Based on the results of this initial quantification, design changes, along 
with adjusted parameters, are suggested for better performance and improved production 
of a more appropriate wake. 
Previous results show that with a 36% duty cycle chain, as the rods first pass by, a 
transient period exists before a periodic unsteady flow field is established.  For this initial 
characterization, nine cylindrical rods were placed in front of the nine airfoils to initialize 
the flow field and establish the periodic unsteadiness.  The spacing of the wake 
generating mechanisms, both the airfoils and the rods, was kept at the cascade blade 
spacing of 17.8 cm.  The distance upstream to the center of the rods was also kept at 8.9 
cm as before.  The NACA 0025 airfoil scaled for this application resulted in a 6.8 cm 
chord with a maximum thickness of 1.7 cm.  The airfoil pivoted around the carbon fiber 
rod 6 mm from the leading edge, resulting in an axial distance of 2.7 cm between the 
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cascade leading edge and the airfoil trailing edge.  Figure 3.8 shows the setup in the wind 






Figure 3.8     Wake generator with airfoils installed. 








The wake shed from the airfoil was measured in the same manner as the previous 
sections with 100 cycles averaged in the ensemble.  Hot-film probes were used to acquire 
the velocity data and were placed in the same locations of the cascade inlet and within the 
wake generator loop as before.  The wake was characterized in the same manner with the 
quantification the wake width, peak velocity deficit, and momentum deficit. 
The initial measurement was performed at a Reynolds number of 25,000 with a 
flow coefficient of 0.8 and both levels of FSTI.  Under these flow conditions, the ability 
for the airfoil to weather-vane was marginal and inconsistent.  At this low free-stream 
velocity, the lift on the airfoil was not enough to overcome the frictional resistance 
associated with rotating around the carbon fiber rod.  About half of the airfoils were able 
to pivot freely while the other half exhibited an increased frictional resistance that was 
larger than what the lift force could overcome.  This increased resistance was attributed 
to the hallow aluminum rod not being perfectly straight during the casting process.   
In an effort to improve performance, the carbon fiber rods were lubricated and 
guides were placed around some of the flywheels to keep the airfoil oriented properly 
during the large directional changes.  These modifications improved performance 
dramatically, but the inconsistency of the airfoil‘s ability to weather-vane during every 
cycle skewed the ensemble average results.  Using a higher free-stream velocity by 
testing the airfoil shape at a Reynolds number of 50,000, increased the lift force to a level 
that consistently allowed the airfoils to weather-vane properly.  This proved the concept 
of the airfoil‘s ability to weather-vane and further modifications should allow lower 
Reynolds numbers to be tested. 
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For the 50,000 Reynolds number test, a more conservative chain speed was used 
so that data could be acquired without damage to the airfoils or wake generator.  Figure 
3.9 shows the velocity trace for a complete cycle with nine cylindrical rods followed by 
nine airfoils at a Reynolds number of 50,000, with a flow coefficient of 1.57 and using a 
FSTI of 0.5%.  Based on the current performance, further modifications would allow 
higher chain speeds to be obtained.  
 
For the plot in figure 3.9, the first nine velocity deficits are the wakes shed from 
the cylindrical rods, while the last nine deficits are from the airfoil shapes.  The rise and 
drop of velocity indicates that the airfoils induce a tangential velocity as they pass the 
cascade.  This is similar to what was seen previously in the 100% duty cycle chain.  The 
 
Figure 3.9     Complete cycle of ensemble average velocity data using nine cylindrical 
rods followed by nine airfoil shapes.  (Re = 50k,  = 1.57, FSTI 0.5%) 
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velocity deficit of the airfoil compared to the circular cylinders is much larger as 
expected with the trailing edge of the airfoil only 2.8 cm upstream of the cascade.  This 
increase in the velocity deficit removed the calm period between the wakes that was seen 
with the circular cylinders.  This calm period is present in actual engines as seen in 
Howell et al. [30], indicating the airfoil spacing should be increased or the airfoils moved 
upstream.  The secondary wakes seen in the last half of this plot have a significant 
influence on the wind tunnel flow.  This is due to the large angle in which the airfoils 
traverse across the delay loop, causing them to be skewed to the free-stream flow, 
resulting in a large flow blockage and disturbance.  The inlet probe, which is used to set 
the wind tunnel Reynolds number, was also greatly affected by the airfoils.  Further 
improvements will be needed to reduce this effect so that accurate tunnel conditions can 
be set. 
Figure 3.10 gives a closed view of the primary wakes.  Since data was taken at a 
different flow coefficient than before, the wake from the cylindrical rod of this data set 
was used for comparison to the wake of the airfoil.  The wake of the fourth rod was used 
for the analysis to avoid effects from the tangential velocity induced by the airfoils.  
Similarly, the fifth airfoil wake was used in the analysis as it also was less affected by the 






Comparing the wake of the cylindrical rod from this data set, to the previous data 
set at the same Reynolds number with a flow coefficient of 0.8 and 0.7, the wake 
properties are consistently lower for the higher flow coefficient of 1.57 as expected.  This 
gives some insight into what the wake properties for the airfoil would be for the lower 
Reynolds 
Number/FSTI Flow Coefficient  Momentum Deficit Wake Width (m) Peak Velocity Deficit 
Rod     50k/0.5% 1.57 0.0343 0.0351 0.1442 
Airfoil     50k/0.5% 1.57 0.0850 0.0517 0.2216 
 
Table 3.3     Calculated wake characteristics based on hot-film measurements for a 




Figure 3.10     Ensemble average velocity of the primary wakes using nine cylindrical 
rods followed by nine airfoil shapes  (Re = 50k,  = 1.57, FSTI 0.5%) 
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flow coefficients of 0.8 and 0.7.  The data in table 3.3 shows the wake of the airfoil 
contains higher values compared to the cylindrical rod.  This was expected due to the 
difference in the distance to the cascade with the airfoils being much closer.  The wake of 
the airfoil was much wider since the thickness was 1.7 cm compared to the diameter of 
the rod being 0.32 cm.  This shows that the wake of a streamlined body will have a much 
slender wake for the same diameter of rod.  The momentum deficit was more than twice 
that of the rod, but the peak velocity deficit and wake width were only about 50% larger.  
These differences in wakes can be used to better match a particular shape of wake that is 
to be simulated in future studies.   
These initial results show that an airfoil with the ability to weather-vane, can be 
used as a wake generating mechanism for this system.  Further improvements can be 
made so that the problems encountered during this test can be reduced to an acceptable 
level.  In order to reduce the friction as the airfoil rotates, a thicker aluminum hollow rod 
is suggested for use during the casting process.  A stiffer rod should help maintain the 
rods straightness during casting.  Guides can be placed around directional changes to 
keep the airfoil oriented properly during the excessive g forces.  Using the same airfoil 
dimensions, the spacing between airfoils and the spacing upstream of the cascade should 
be increased to better match the wakes seen in a real engine.  Given the large flow 
disturbance caused by the airfoil traversing through the wind tunnel, it is suggested that 
the shape be reduced in size but maintain the current spacing.  This will reduce the wake 
shape to a more appropriate level and minimize the flow disturbance in the wind tunnel.  
In addition, the foam used in the casting process worked well, but other lightweight 
materials could be used that would produce a smoother profile.  This includes filler 
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materials such as micro-balloons mixed with resin, could produce the smooth profile 
desired. 
3.6 Conclusions 
The wake from two different wake generating mechanisms was quantified under various 
flow conditions using the wake generating system.  Cylindrical rods were used as the first 
wake generating mechanism and the results were comparable to other wake generating 
systems.  For the cylindrical rods, the rod diameter matched the trailing edge diameter of 
the blade set, the rod spacing matched the cascade spacing, and the rods were placed half 
an axial chord length upstream.  These parameters are consistent with other wake 
generating systems and proved to produce similar wake properties.  The momentum 
deficit, wake width, and peak velocity deficit were quantified under various flow 
conditions, such that the data can be referenced or compared in future wake generator 
studies.   
The wake from a 100% duty cycle system was compared to the wake of 36% duty 
cycle system.  A continuous generation of wakes is very desirable, in that it would 
simplify the data acquisition process and speed up the measurement time.  The 100% 
duty cycle system induced a noticeable tangential velocity that was quantified.  Based on 
the results, a 100% duty cycle chain is acceptable for use as it was shown to produce a 
comparable wake to the 36% duty cycle chain. 
A symmetric NACA 0025 airfoil was used as the second wake generating shape 
in this study.  The wake of this aerodynamic body was quantified and compared to the 
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cylinder wake, and differences in the wakes were noted.  These differences in wakes can 
be used to better match a particular shape of wake that is to be simulated in future studies.  
The concept to allow the airfoil shape to weather vane was proven and design changes 
were suggested.  More work is needed before an airfoil shape can be implemented, but 
the results were promising and showed potential.  For the rest of this current study, only 






















Low Pressure Turbine Blade 
Performance with Periodic Unsteady 
Wakes at Low Reynolds Number 
4.1 Linear Cascade of Low Pressure Turbine Blades 
In the previous chapter, the wakes shed from the wake generator were quantified and 
shown to produce a periodic unsteadiness consistent with other wake generating systems.  
The effect of the periodic unsteadiness is now characterized on a cascade of low pressure 
turbine blades with loss measurements, surface pressure distribution, and full field 
velocity measurements.  Since low Reynolds number is of interest, all measurements are 
taken at a Reynolds number of 25,000, based on inlet velocity and axial chord length. 
The linear cascade consists of seven fully immersed L1A low pressure turbine 
blade profiles and two partial blade profiles on either end.  These blades were designed 
by Clark and Koch [40] and were manufactured using cast polyurethane.  The cascade 
blade profile has an axial chord (Cx) of 0.178m, a span of 0.88m, and a solidity of 0.99.  
This aft loaded blade has the same design inlet and exit angles as the Pack B blade profile 
of 55 and 30 degrees respectively.  The L1A profile is a very highly loaded, low pressure 
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turbine blade with a calculated incompressible Zweifel coefficient of 1.23 based on Eq. 
(4.1).  
      (4.1) 
The L1A profile generates 17% more lift than the Pack B, which correlates to a 
17% blade count reduction.  The L1A profile is an aft loaded blade design making it 
prone to separation under steady flow conditions due to the axial location of the peak 
velocity and strong adverse pressure gradient on the blade suction surface.  This blade 
was designed for use in flow control studies in which separation may be suppressed, 
while maintaining the benefits of both very high loading and aft loading [25].  In a 
previous study performed in the same facility, it was shown for Reynolds numbers less 
than 40,000 and a FSTI of 3.4%, the L1A profile exhibits a non-reattaching separation 
zone with high losses [41].  These characteristics were desired for the current study to 
demonstrate the capability of the wake generating system.  A schematic of the linear 
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4.2 Wake Loss Measurements of the L1A Blade Profile 
with Periodic Unsteady Wakes 
4.2.1 Cascade Periodicity 
Before any blade measurements can be performed, the cascade periodicity must be 
checked so that the results are not skewed by improper wind tunnel flow.  Although a 
wake generating system was installed inside the wind tunnel, the structure was kept to the 
wind tunnel walls and cascade periodicity was not expected to be affected.   
 Cascade periodicity for this facility is normally set at a Reynolds number of 
100,000.  Since the periodicity is to be checked with the wake generator running at an 
appropriate flow coefficient, a Reynolds number of this magnitude is mechanically 
unfeasible under the current configuration of the wake generator.  Therefore, it was 
decided that adequate results could be obtained by checking the periodicity with and 
without the wake generator running at a Reynolds number of 50,000.  Cascade 
periodicity was checked with a 36% duty cycle wake generator so that it could be 
compared to a case in which wakes were not being produced.  For the case without the 
wake generator running, the rods are parked along the wind tunnel wall after the delay 
loop.  At this location, the rods are not in the wind tunnel main flow and should have 
little effect on the wind tunnel performance. 
 Cascade periodicity is measured by plotting the difference in total pressure from 
the inlet to the exit of the cascade across blades 2, 3, 4, and 5.  For this measurement, a 
static total pressure probe located upstream of the linear cascade and the primary wakes, 
was used to acquire the inlet total pressure.  A second total pressure Kiel probe was 
located approximately one-half chord lengths downstream of the cascade and was used 
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for measuring the exit total pressure.  Both probes were mounted to a dual axis traverse 
allowing the probes to accurately traverse across the entire cascade.  Both measuring 
probes acquired data using Lab View
TM
 data acquisition software, with a sampling 
frequency of 1 kHz.  Data was taken at 0.5 cm increments, with each increment averaging 
40 seconds of pressure data.  The 36% duty cycle chain used for this measurement had 
the same rod parameters used in the wake characterization. 
 If the cascade has periodic flow across the blades of interest, each blade profile 
should have somewhat similar pressure peaks with similar pressure between them.  
Figure 4.2 shows the plot of the cascade differential total pressure across blades 2, 3, 4, 
and 5.  Data was taken at a Reynolds number of 50,000 using a flow coefficient of 0.8 
with a high FSTI of 3.4%.  The plot shows that periodic flow has been maintained across 
the cascade with the installation of the wake generator system.  Both with and without the 
wake generator running, the cascade flow periodicity is maintained and no adjustment to 
the tailboards was needed.  Since no modifications were needed, this periodicity was 
assumed to translate to the lower FSIT of 0.5% and any other flow coefficient. 
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4.2.2 Wake Loss Experimental Setup 
Wake loss measurements were performed with steady and unsteady inflow at a Reynolds 
number of 25,000 with two levels of FSTI.  The cylindrical rods were used in all 
unsteady flow experiments with the same rod parameters as were used before.  The rod 
diameter matched the trailing edge diameter of the blade set; the rod spacing matched the 
cascade spacing, and the rods were placed half an axial chord length upstream.  The rod 
diameter along with the rod spacing was held constant during this investigation.   
 Data was taken using a static total pressure probe located upstream of the linear 
cascade and the primary wakes, but within the track loop of the wake generator.  A 
second total pressure Kiel probe, along with a dual element X hot-wire probe, were 
 
 
Figure 4.2     Cascade Periodicity with and without the wake generator running. 
(Re = 50k,  = 0.8, FSTI 3.4%)    
63 
 
located approximately one-half chord lengths downstream of the cascade.  These two 
probes were mounted together in the same plane, 5.08cm horizontally apart.  Both 
pressure probes were connected to the high and low pressure side of a Druck LPM5481 
differential pressure transducer with a range of -50 to 200 Pa.  All three probes were 
mounted to a dual axis traverse and fed into the wind tunnel through 1.25 cm wide slots, 
allowing the probes to traverse across the entire cascade.  Pressure and velocity 
measurements were performed across the third blade of the cascade.  A single element 
hot-film probe was located upstream of the cascade and within the wake generator loop.  
This fixed probe was used to set the wind tunnel conditions by measuring the free-stream 
velocity.  All measuring probes acquired data using Lab View
TM
 data acquisition 
software, with a sampling frequency of 1 kHz.  
 Wake total pressure loss was measured by scanning across the blade at 0.5 cm 
increment steps.  At each increment, data was recorded for 60 seconds and averaged.  
Between each measurement, a 15 second settling period was used so that the probes 
could stabilize at each position.  The long measuring period and settling time was used 
due to the unsteady flow associated with the L1A blade profile at this low Reynolds 
number. 
The integrated wake total pressure loss was calculated based on the average 
pressure measurements at each increment.  The equation used for this calculation is the 
same used in Bons et al. [15] and Marks et al. [41] as shown in equation (4.2). 






























This equation gives the area averaged integrated wake total pressure loss.  A similar loss 
measurement, mass averaged wake loss, could also be used to quantify the blade 
performance.  Since previous data on this blade taken at this facility was the area 
averaged wake loss, it was decided to use this wake loss measurement for comparison.  
4.2.3 Baseline Case of Wake Loss Measurements for Steady Flow 
Conditions 
The behavior of the L1A low pressure turbine blade was characterized under steady flow 
conditions in the same facility by Marks et al. [41].  As mentioned previously, in this 
study it was found that the L1A exhibits non-reattaching separated flow on the suction 
surface for Reynolds numbers less than 40,000 with a FSTI of 3.4%.  For comparison of 
a baseline case under steady flow conditions, the results of the wake loss measurements 
from this previous study are summarized. 
Data was acquired in the same manner as described above using the same 
equipment.  Data was taken at various Reynolds numbers and two levels of FSTI.  Of 
interest to this current study are the cases of a Reynolds number of 15,000 and 30,000 
with a FSTI of 0.5%, and the case of a Reynolds number of 25,000 at a FSTI of 3.4%.  
Figure 4.3 is a plot of the measured wake loss coefficient across blade number three for 
each of these cases.  The profile was shifted so that the center of the integration width 




 The profiles shown in figure 4.3 are slightly skewed to the right with a gradual 
rise in loss coefficient followed by a steep decline.  This type of behavior indicates 
separation is present on the suction surface of the blade.  The increased FSTI is expected 
to energize the boundary layer along with the separated free shear layer, effectively 
reducing the profile loss.  The effect of the increased FSTI of 3.4% is shown as a 
reduction in profile magnitude but a slight increase in the profile width.  This resulted in 
a net reduction of the profile loss.   
The integrated wake total pressure loss scaled with the blade axial chord for this 
baseline case is summarized in table 4.1.  Using previous data from this study, from a 
Reynolds number of 15,000 to a Reynolds number of 50,000, based on the four data 
 
Figure 4.3     Wake loss measurement showing steady flow L1A low pressure turbine 
blade performance at a Reynolds number of 25k and two levels of FSTI. 
Cross-stream Direction (cm) 
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points in this range, the baseline data showed a linear reduction in profile loss.  Using this 
linear trend, a linear interpolation was performed to approximate the profile loss at a 
Reynolds number of 25,000.  This interpolation resulted in an integrated total pressure 
loss coefficient of 0.581.  Using this value and comparing the effect of FSTI on steady 
flow, the integrated profile loss was reduced by 29% by FSTI alone.  Since unsteady 
wake flow is considered an extension of increased flow turbulence, significant reductions 
in the profile loss is expected with the inclusion of wakes. 
  
4.2.4 Wake Loss Measurements with Periodic Unsteady Wakes 
Wake loss measurements were carried out on the linear cascade with periodic unsteady 
flow and the results were compared to the baseline case with steady flow.  Measurements 
were performed using a chain fully populated with rods so that wakes are continuously 
generated, yielding a 100% duty cycle wake generator.  Area averaged wake loss 
measurements are based on the inlet and exit pressures, which for this facility, are 
measured using a differential pressure transducer as stated in section 4.2.2.  This type of 
pressure measuring device has a relatively slow response time and is not able to 
Reynolds Number FSTI 
Integrated Wake 
Total Pressure Loss 
15k 0.5% 0.638 
30k 0.5% 0.553 
25k 3.4% 0.413 
 
Table 4.1     Summary of integrated wake total pressure loss scaled with the blade axial 




accurately measure the flow field that is produced  using a 36% duty cycle chain.  Based 
on the results from the previous study, a 100% duty cycle wake generator will produce a 
consistent periodic flow field long enough to measure and should provide accurate 
results. 
 Wake loss measurements were performed with periodic unsteady wakes at a 
Reynolds number of 25,000 using a flow coefficient of 0.8 with two levels of FSTI.  
Figure 4.4 is a plot of the measured wake loss coefficient across blade number three for a 
FSTI of 0.5% and 3.4%.  The loss profile was shifted so that the center of the integration 
width is at zero as before. 
 
 
Figure 4.4     Wake loss measurement showing L1A profile performance with periodic 
unsteady wake flow at a Reynolds number of 25k and two levels of FSTI. 
 
Cross-stream Direction (cm) 
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The loss profiles in figure 4.4 show a similar trend as the baseline case with the 
profiles slightly skewed, indicating flow separation is still present on the suction surface 
of the blade.  The extent of this flow separation is not apparent in theses profiles, but a 
large reduction in the loss magnitude indicates that the profile loss has been reduced 
significantly.  The loss profiles with the inclusion of the periodic unsteady wakes are not 
as smooth as the steady flow case, indicating the flow is very unsteady.  The effect of the 
increased FSTI is a further reduction in the loss magnitude and the overall profile loss.  In 
both profiles, a small spike in the loss coefficient is observed at 5.75 cm for the low FSTI 
and 7.25 cm for the high FSTI case.  This spike in the loss profile is believed to be due to 
vortices rolling off of the suction surface of the blade.  This spike is more pronounced in 
the low FSTI data, which indicates a larger separation is present. 
The area averaged integrated total pressure loss for the profiles shown in figure 
4.4 was calculated and tabulated in table 4.2.  As expected from what was observed in 
literature, the effect of the periodic passing wakes is a substantial reduction in profile 
losses.  For a Reynolds number of 25,000 with a FSTI 0.5%, comparing the interpolated 
value for steady inflow, the profile losses with the inclusion of periodic wakes had been 
reduced by 56%.  At this same Reynolds number with a higher FSTI, the inclusion of 
periodic wakes reduced the profile loss by almost 49%.  The effect of FSTI between the 
unsteady flow cases was a reduction in the profile loss by 18%.  The effect of FSTI on 
steady flow was on the same order of reduced profile losses.  This indicates that the 
inclusion of FSTI with the unsteady wakes, further reduces profile losses even with the 




4.3 Pressure Coefficient Distribution on the L1A Blade 
Profile with Periodic Unsteady Wakes 
4.3.1 Experimental Setup 
A pressure coefficient distribution gives a map of the pressure distribution on a blade 
profile and depicts blade loading with its relative location on the blade surface.  Pressure 
coefficient distributions were obtained to quantify the flow behavior over the blade 
surface with periodic unsteady wakes and compared to steady flow data.   
Pressure coefficient data was obtained using pressure taps, which had been 
previously installed on the surfaces of two L1A blade profiles.  The pressure taps 
consisted of 1.3 mm diameter holes staggered along the blade surface so that any flow 
disturbance caused by the hole did not propagate downstream to another hole.  Each 
pressure tap was individually plumed with plastic tubing and fed through the bottom of 
the wind tunnel.  A total of 30 pressure tap locations were used, with 19 placed on the 
suction surface of blade three, and 11 placed on the pressure side of blade four.  The 
Reynolds Number/ 
Flow Coefficient  FSTI 
Integrated Wake 
Total Pressure Loss 
25k / 0.8 0.5% 0.257 
25k / 0.8 3.4% 0.210 
 
Table 4.2     Summary of integrated wake total pressure loss scaled with the blade axial 




plastic tubing was connected to a multi-port Scanivalve that allowed the use of a single 
pressure transducer for all thirty measurements.   
The pressure was measured using a differential pressure transducer with a range 
of -50 to 200 Pa.  At each pressure tap location, 60 seconds of data was acquired and 
averaged, resulting in the average pressure distribution over the blade surface.  A settling 
time of 15 seconds was used between each measurement to allow the pressure transducer 
to equalize.  Once again, due to the relatively slow response time of the pressure 
transducer, rods were placed around the entire length of the chain.  The 100% duty cycle 
wake generator produced a continuous periodic unsteady flow field needed for the 
pressure coefficient measurement to be accurately measured.  Pressure coefficient data 
was taken at a Reynolds number of 25,000 with a flow coefficient of 0.8 and two levels 
of FSTI.  Data was compared to steady flow conditions taken previously by Marks et al. 
[41] using the same facility. 
The pressure coefficient was calculated at each location on the blade surface using 
Eq. (4.3).  
      (4.3) 
 
where         was the average inlet total pressure,       was the average inlet dynamic 
pressure, and SP  was the average static pressure on the surface of the blade.   
4.3.2 Pressure Coefficient Distribution for the L1A Blade Profile 
Figure 4.5 is a plot of the pressure coefficient distribution with periodic wakes overlaid 













conditions, the profiles show that non-reattaching separated flow is present on the aft 
portion of the blade suction surface.  This is more pronounced in the low 0.5% FSTI case, 
in which the profile flattens at approximately 62% axial chord (Cx), and continues to the 
trailing edge.  At the higher FSTI of 3.4% with steady flow, the extent of the flow 
separation has been reduced, but is still present, indicated by the large pressure difference 
between the pressure and suction surfaces at the trailing edge.  Steady flow data was not 
taken at a Reynolds number of 25,000 due to the small difference in flow behavior 
between a Reynolds number of 15,000 and 40,000.   
 
 
Figure 4.5     Pressure coefficient distribution with periodic unsteady wakes, compared to 
steady flow for two different FSTI levels. 
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For the low FSTI of 0.5% with steady flow, the peak pressure location for this 
case is at approximately 52.5% Cx, while the separation location is at approximately 
62.0% Cx.  Similarly, for the high 3.4% FSTI with steady flow, the peak pressure was 
moved slightly downstream to approximately 57.2% Cx, with separation occurring 
around 67% Cx.  These results are consistent with what was observed in the wake loss 
measurements, with the profiles indicating separated flow with high losses. 
In both FSTI cases with periodic unsteady wakes, the pressure profiles indicate 
the flow along the suction surface is attached, and contains a closed separation bubble.  
For the low FSTI of 0.5% with unsteady wakes, the profile shows the separation bubble 
beginning at approximately at 67% Cx and reattaching between 77.5% and 83% Cx.  The 
overall peak pressure for this case was increased, compared to steady flow, and moved 
further downstream to 57.5% Cx.  This increase in pressure level, along with the 
movement downstream, indicates higher blade loading was achieved. 
The increased level of 3.4% FSTI with unsteady wakes had a similar effect on the 
blade performance with a further increase in blade loading.  The pressure profile 
indicated a closed separation bubble was present, beginning at approximately 72% Cx and 
reattaching between 77.5% and 83% Cx.  Although this reattachment point is similar to 
the low FSTI case, increased spatial resolution is thought to reveal earlier reattachment at 
the higher FSTI due to the shape of the profile at this location.  Peak loading at this FSTI 
occurred at 57% Cx and had an increased magnitude, compared to the lower FSTI with 
unsteady wakes.  These profiles agree with the wake loss data, showing a small closed 
separation is present with reduced losses at the higher FSTI.  Comparing the four cases 
tested, the effect of the periodic wakes was an increase in blade loading through a higher 
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peak pressure located further downstream, and effectively reattaching the separated flow, 
forming a separation bubble on the blade surface.  
Comparing steady and unsteady flow with wakes at the high FSTI of 3.4%, the 
profiles indicate that higher loading was achieved under steady flow conditions.  This 
may not necessarily be the case and could be a result of the experimental data.  In this 
measurement, the flow over the blade surface with unsteady wakes is averaged, and the 
velocity deficit produced by the passing wakes will reduce the result to some degree.  The 
slow response time of the differential pressure transducer acts like a low pass filter on the 
data measured.  This will produce a low frequency time average of the data as a result.  In 
addition to this, the Reynolds number may not have been exactly matched during each 
measurement.  Currently there is not enough data available to verify if the difference in 
profiles is valid or not. 
4.4 Phase Locked Particle Image Velocimetry 
Measurements on the Suction Surface of the L1A 
Blade Profile with Periodic Unsteady Wakes 
4.4.1 Particle Image Velocimetry 
Particle image velocimetry (PIV) is a non-intrusive imaging technique used to measure 
instantaneous velocity fields.  A typical PIV system consists of a flow seeding method, 
camera, high power light source, timing box, and computer.  The general process of a 2D 
PIV measurement includes adding tracer particles to a fluid flow and illuminating them at 
two successive instants in time.  The illumination of the particles is recorded to a camera 
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and the image pair is cross-correlated using analysis software.  The cross-correlation 
determines the displacement of the particles between the two images.  Knowing the time 
delay between the two image recordings, instantaneous velocity data can be calculated 
for the flow field.   
The cross-correlation procedure used in standard PIV calculations is summarized 
in figure 4.6.  The process starts with a correlation window, typically 128 x 128 pixels, 
that marches across the black and white raw images, performing the appropriate 
computation.  Successive passes are usually made in the analysis, decreasing the 
correlation window by half each time.  A velocity vector is then produced for every 

































4.4.2 PIV Experimental Setup 
Particle image velocimetry was used to investigate the effect of periodic wakes on the 
flow field around the L1A blade profile.  An experiment was set up to investigate the 
flow field within the blade passage of the linear cascade, along with the separation 
behavior at the blade surface.  In this experiment, the wake passing event was split into 
six phases and captured using 2-D planar PIV.  The flow field was investigated at a 
Reynolds number of 25,000 with a flow coefficient of 0.8 using a high and low FSTI.  
Since data is captured relatively quickly, a partially populated chain with the previous rod 
parameters was used for this investigation. 
The test section of the low speed wind tunnel, shown in figure 2.1, is composed of 
clear polycarbonate giving full optical access to the linear cascade from four different 
sides.  Phase-locked two-dimensional planar PIV measurements were taken along the 
suction surface of the L1A profile for six different phases of wake passing.  A dual-head 
532-nm, frequency doubled, flash lamp-pumped Nd: YAG laser was used to illuminate 
the seed particles through a thin laser sheet along the flow direction of the suction surface 
at mid-span of blade three.  Blade three had been previously painted a flat black to 
minimize reflections from the laser.  The laser was capable of delivering dual 120 mJ 
pulses at repetition rates of up to 15Hz.  An adjustable laser arm containing laser sheet-
forming optics was mounted on an optical breadboard located outside of the wind tunnel. 
Mie scattering from the seed particles was recorded on commercial, high-
resolution cross-correlation digital camera sensors with a resolution of 1600 by 1200 
pixels and a maximum framing rate of 30 frames per second (fps).  The camera was fitted 
with a 35-70mm f2.8 lens set to a focal length of ≈40mm, which provided a field of view 
76 
 
of approximately 140mm by 105mm.  The camera was mounted underneath the test 
section looking up through a 1.25cm thick, clear polycarbonate plate.  The field of view 
contained approximately 90% to 45% suction surface length of blade three.  Timing of 
the camera exposure and laser pulses was controlled using an eight channel pulse 
generator.  Figure 4.7 illustrates this setup and shows the relation between the laser, 
camera, and blade set.  
 
Seeding of the flow was accomplished with a theatrical fog generator, which 
produced atomized particle sizes on the order of micrometers.  A new adjustable seeding 
system was constructed for this measurement to allow for easier seeding of the flow.  The 
seeding system consisted of a y-pipe that split the fog into two flexible tubes going up to 
an 11.5cm diameter PVC pipe that spanned across the bell-mouth inlet.  Fog exited the 
pipe through numerous slots and entered the bell-mouth 1.22m away.  This setup was to 
provide proper mixing while allowing enough time for the fog to cool and not induce any 
buoyancy driven flows.  A picture of this setup is shown in figure 4.8. 
 
 
Figure 4.7     Schematic of PIV setup 
 















Phase locking of the PIV measurements was done using quick response 
phototransistor optical sensors placed along the wake generator chain, which externally 
triggered the pulse generator.  The wake passing event was split into six phases with the 
first phase notionally beginning with a rod positioned directly in front of the leading edge 
of blade four in the axial direction.  The temporal delay between the two laser pulses was 
a function of flow velocity, optical magnification, and interrogation spot size.  The delay 
for each phase however, was purely based on rod velocity and the distance the rod needed 
to travel from the sensor.  A diagram of the different phases is shown in Figure 4.9.  In 
this figure, the black filled rods demonstrate the placement for the first phase, while the 
dotted circles are rod locations for the next five phases.  
 
 









Once the PIV images were captured and digitized, the velocity field was obtained 
using cross-correlation techniques over interrogation domains of the images using PIV 
analysis software.  Two different analysis software were used for the correlation.  For the 
high FSTI data, images were processed using PPIV software developed by Innovative 
Scientific Solutions Inc. (ISSI).  For the low FSTI data, images were processed using the 
commercial software Flow Manager.  For consistency, the same correlation parameters 
were used in both analyses. 
The present results were obtained with two and three passes using interrogation 
domains of 128, 64, and 32 pixels with an overlapping of 75%.  Overlapping domains (by 
three-quarters the domain size) yields more vectors and is not merely interpolation, since 
it includes new particles in every domain sub-region [43, 44].  Accuracy is expected to be 
approximately 1% using a ten pixel displacement, and slightly higher close to the wall 
[44].  A parallel computing code for Linux clusters from ISSI was utilized for the PPIV 
software for added processing speed [45].   
 




For each phase, 150 image pairs were correlated and averaged.  A statistical 
vector filter was employed in the averaging routine to remove bad vectors from the 
average.  The vector filter was needed due to the unsteady nature of the passing wakes 
and the occasional lack of seeding in the images.  The PPIV statistical vector filter was 
set to include two standard deviations of variation in the analysis.  The Flow Manager 
vector filter worked in a similar manner but used a moving average calculation across the 
entire vector map.  In both cases, bad vectors were removed instead of being replaced by 
interpolation. 
4.4.3 Baseline Data 
The L1A low pressure turbine blade is a very highly loaded design that is prone to flow 
separation at low Reynolds numbers with steady inflow.  Specifically, this blade profile 
has been shown to have a non-reattaching separation zone with high losses at Reynolds 
numbers less than 40,000 and a FSTI of 3.4% [41]. 
For a direct comparison of the effect the wakes have on the flow field around the 
L1A profile, a baseline case with no wakes is presented.  In all cases, data was taken at a 
Reynolds number of 25,000, based on inlet velocity and axial chord length.  Two levels 
of FSTI were investigated, a low level of 0.5% and a high level of 3.4%.   
Figure 4.10 shows PIV data along the suction surface of the L1A blade for both 
levels of FSTI.  The contours are of non-dimensional average velocity magnitude and 
streamlines of the velocity vectors are overlaid, indicating flow direction.  This data 
agrees with previous results, in that a non-reattaching separation zone is present, 
implying high profile losses.  The blue contour levels contain streamlines showing 
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reversed flow, characteristic of flow separation.  At the higher FSTI, the extent of the 
flow separation is slightly reduced.  This was also observed in both the wake loss and 





  FSTI = 0.5% 
 
 
   
 
 FSTI = 3.4% 
Figure 4.10     Non-dimensional velocity contour of steady flow baseline case with 
stream lines indicating a recirculation region. 
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An instantaneous PIV image of this separated flow at low FSTI is shown in figure 
4.11.  This image is used to show the separated shear layer that is present, and the eddies 
rolling off of it.  These eddies are shown to transition into turbulence, however, this 
transition is not enough to reattach the flow at this Reynolds number.  According to 
literature, eddies transitioning to turbulence in a separated shear layer typically results in 
reattachment of the flow.  This demonstrates the extent of the separation, since the flow 
transitioned in the separated shear layer, but did not reattach. 
 
4.4.4 Low FSTI Hot-Wire Study 
An internal wake generator, with wakes being generated for only a fraction of the 
cycle time, will have an initial non-periodic unsteady effect, depending on the nature of 
the flow across the blade.  For the current flow conditions, the large separated flow will 
interact with the incoming wakes in a transient manner until a periodic unsteadiness is 
established.  In order to determine how many rod passes are needed to establish the 
periodic unsteadiness, a single element hot-film probe was used to acquire velocity-time 
traces within the blade passage at three different locations.  Figure 4.12 is a plot of 100 
 





ensemble averaged measurements of non-dimensional velocity during a complete cycle 
of the wake generator for the three locations.  The placement of the probe was such, that 
velocity was acquired at two different locations in the free-stream and one location near 
the blade surface.  The data from the hotwires indicates that approximately six wake 
passes are needed to establish periodic unsteadiness in the flow velocity.  Based on this 
information, the first six wake passes were used to establish a periodic unsteadiness and 
the PIV data was recorded on the remaining wakes.  
 
The hotwire velocity time trace shows the return of the flow separation in the no 
wake region along with its effect on the flow velocity.  Hotwire location number one and 
two were placed within the free-stream velocity, with location number one being the 
 
 
Figure 4.12     100 ensemble averaged measurements of velocity within the blade 




furthest upstream.  Hotwire location number three was placed close to the blade surface 
within the separated flow region and outside of the boundary layer.  At this location, the 
hotwire shows a dramatic decrease in velocity when the flow is separated from the blade. 
As the wakes impinge upon the blade surface, the separated boundary layer is reduced in 
size until a periodic steady state is reached.  The separated flow across the suction surface 
of the blade acts like a flow blockage within the blade passages, which appears as a 
reduction in the flow velocity. 
4.4.5 Low FSTI PIV Results 
PIV results for the low FSTI case are shown in figure 4.13.  For the six phases of wake 
passing, velocity contours are plotted with overlaid streamlines of the velocity 
components.  All velocity data has been made non-dimensional with respect to the inlet 
velocity.  The wake passing event can best be described by beginning with Phase #3.  In 
this phase a very small separation bubble is present, indicated by the dark blue color, 
starting around 70% Cx.  In Phase #3, the wake has just entered the blade passage 
upstream, and is outside the field of view.  Toward the end of the visible blade surface, 
the contour levels are showing increased velocity, indicating a closed bubble is present.  
This was verified with the surface pressure measurements.  Progressing to Phase #4, the 
separation bubble has grown in height and the streamlines indicate a small recirculation 
region, or vortex, has formed.  By Phase #5, the separation bubble has grown in height 
and length covering a much larger region of the suction surface.  The center of the 
recirculation has moved further downstream, but the separation location has moved 
slightly upstream to about 67% Cx.  Based on hotwire data, the wake is located roughly 
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between 60-65% Cx in Phase #6.  In this phase, the separation bubble has grown to its full 
height and length, extending further down the suction surface.  The center of the 
recirculation region has moved upstream from the previous phase and the separation 
point has appeared to move downstream to 70% Cx.  A change of events occurs in Phase 
#1, as the separation bubble appears to have shed a vortex with the location of the wake 
trailing behind it.  The vortex is observed to roll down the blade surface in Phase #2, with 
the vortex partially out of the field of view and a very small separation bubble remains as 
shown in Phase #3. 
 Compared to the baseline case, the flow through the blade passage with periodic 
wakes was less restricted and higher flow velocities were attained.  The non-reattaching 
flow in the baseline case was dramatically reduced to a small separation bubble.  The 
bubble was observed to grow in size between passing wakes, but was only able to achieve 
a fraction of the original size.  The streamlines through the unrestricted blade passage 





4.4.6 High FSTI Hot-Wire Study 
Following the same procedure as before, two single element hot-film probes were 
used to acquire velocity-time traces for evaluating the number of rod passes needed to 
establish a periodic unsteadiness at the higher FSTI.  Figure 4.14 is a plot of 100 
 
Figure 4.13     PIV contours of non-dimensional average velocity for six phases of wake 
passing.  FSTI = 0.5% 
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ensemble averaged measurements of velocity during a complete cycle of the wake 
generator.  Data was acquired by placing two hotwires in the free-stream of the blade 
passage between blades 3 and 4, within the PIV field of view and measuring plane, set 
approximately 5cm apart in the flow direction.  The data from the hotwires indicates that 
approximately eight wake passes are needed to establish periodic unsteadiness in the flow 
velocity.  PIV data confirmed that the wake from rod eight left a small separation bubble 
on the suction surface that was slightly larger in size when compared to the remaining 
passing wakes.  This is two more wake passes than what was required for the low FSTI 
case.  From this data, it was determined to use eight passing wakes to establish a periodic 
unsteadiness and acquire data on the remaining wakes. 
 
 
Figure 4.14     100 ensemble averaged measurements of velocity within the blade 




In both velocity time traces from the two hotwires, the return of the flow 
separation is evident in the no wake region, along with its affect on the flow velocity.  
The separated flow across the suction surface of the blade acts like a flow blockage 
between the blade passages, which appears as a reduction in the flow velocity.  
The placement of hotwire location #2 was such that, the impinging wakes were 
not as distorted as the wakes measured at location #1.  Since wakes are continuously shed 
from the moving rod, the effect is a velocity deficit of a certain width that spans across 
the entire blade passage.  As the wake convects downstream, it becomes distorted and 
strained, as can be seen by the two different hot wire measurements.  Stieger et al. [13] 
was able to visually capture this event using Laser Doppler Anemometry (LDA) and 
analyzing the turbulent kinetic energy.  
The hotwire data was also used in conjunction with the PIV data to track the 
location of the wake for the six different phases of the rod position.  The wake location 
for a particular phase was calculated using the time trace of the voltage from the optical 
sensor, plus its respective delay for the particular phase.  Figure 4.15 shows, for the first 
three recorded wakes, the time location for each of the six phases as the wake passes the 
hotwire within the blade passage.  For each phase, the location on the velocity deficit 
from the wake was consistent and repeatable.  Knowing the location of the hotwires with 
respect to the PIV field of view, the location, and the affect from the impinging wakes, 




4.4.7 High FSTI PIV Results 
Non-dimensional velocity magnitude contour plots of the six different phases of 
rod position are presented in Figure 4.16.  Streamlines of the vector components are 
overlaid, indicating the flow direction across the blade.  The hotwire locations are 
depicted in all six phases and in the following figures.  Velocity magnitude is non-
dimensionalized with respect to the inlet velocity as before, and the axes are non-
dimensionalized with respect to a characteristic length. 
Using the data from hotwire location #2, shown in Figure 4.14, the approximate 
location of the wake can found in all six phases.  The exact area of the velocity deficit 





Figure 4.15     Time location for each of the six phases as the wake passes the hotwire 




Figure 4.16a (Phase #1) shows attached flow with a small separation bubble 
toward the trailing edge of the blade.  The location of the wake in this phase is just 
upstream of hotwire location #2, as it is pushing the high velocity region along with the 
separation bubble downstream.  Figure 4.16b (Phase #2) has no recirculation region and 
attached flow across the visible length of the suction surface.  The location of the wake is 
now on top of hotwire location #2 and is evident by the lower velocity contour level in 
 
Figure 4.16     PIV contours of non-dimensional average velocity for six phases of wake 
passing.  FSTI = 3.4% 
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that area.  Phase #3 of this figure shows more of a return of the high velocity area along 
the blade surface with the location of the wake being partly outside the field of view.  In 
Phase #4 of this figure, the wake is thought to be mostly out of the field of view with the 
high velocity region showing signs of being pushed downstream, indicating a new wake 
moving into view.  Hot wire data of the location of the wake for Phase #5 indicates the 
velocity is almost back to a steady state value at hotwire location #2.  The high velocity 
region has moved further downstream, and a small separation bubble is starting to form 
in this phase at approximately 85% Cx.  Phase #6 displays a growth in the size of the 
separation bubble along with the high velocity region being pushed further downstream, 
indicating the effect of the new wake progressing through the blade passage.  
The growth of the separation bubble in Phase #6 has also moved the bubble 
upstream as the wake impinges upon the blade surface.  This agrees with other 
researchers‘ claims that this movement of the separation bubble upstream triggers 
transition of the boundary layer earlier, which keeps the flow attached.  The effect of the 
next time step (Phase #1), is then washing the separation bubble off, as it moves 
downstream with the wake. 
The PIV results for the high FSTI of 3.4% are similar to the low FSTI of 0.5%.  
The difference between the two data sets is the size of the separation bubble.  In the high 
FSTI data, the separation bubble appears much smaller in size.  This agrees with the 
lower loss values measured and the pressure distribution data.  Similarly, the vortice, 
observed to roll off of the blade surface in Phase #1, is much smaller compared to the 
vortice observed in Phase #1 of the low FSTI data.  This data shows that the effect of a 
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higher FSTI is a reduction in losses and higher blade loading that is achieved through a 
reduction of the separation bubble on the suction surface of the blade. 
Even though the wake does not completely stand out in the above plots, the effect 
of the impinging wakes is clear, in that the flow is attached with a very small separation 
bubble forming in-between the wake passing.  Capturing the wake structure using PIV 
can be difficult, due to the relatively high turbulence intensities and unsteady nature of 
the wake.  Since PIV averages together numerous image pairs, the wake structure gets 
washed out and the wake appears as a lower velocity region as shown in the above plots.   
Certain flow features of the velocity field can be made apparent through the use of 
perturbation velocity.  The perturbation velocity is defined as the difference between the 
ensemble averaged and time-averaged velocity fields [13, 25, 27, 46].  The perturbation 
velocity for this data set was calculated by averaging together the velocity magnitude of 
all six phases and then subtracting that average from the individual phases.  The 
calculation of the perturbation velocity will remove the natural unsteadiness of the flow, 
due to the FSTI, and will show the flow structure that is unique to that phase.  
The perturbation velocity contour plots for the six phases is presented in figure 
4.17 with overlaid streamlines of the perturbation velocity vectors.  The placement of the 
two hotwires is also superimposed on this plot for reference of the wake location.  In this 
figure, large vortical structures are present and travel down the blade passage with 
increasing phase number.  This flow behavior was also captured in a recent CFD study 
with periodic wakes [47].  Comparing the hotwire data with the location of the large 
vortical structures, the location of the vortices B and D, coincides with the stated location 
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of the passing wake.  Although these vortices do not contain the complete structure of the 
wake, they give insight into the effect of the passing wake.  
 
 




In phase 1 of this figure, two large vortices are present along with a much smaller 
vortex that is in the same location as the separation bubble in the previous figure.  The 
interaction between the two large vortices appears as a negative jet, as described by other 
researchers [26].  In this phase, the negative jet is located just in front of the separation 
bubble, which effectively pushes it downstream.  Tracking vortex B from Phase #1 to 
Phase #2, the center of this vortex is now on top of hotwire location #2, which agrees 
with the hotwire velocity time trace of figure 4.15.  Figure 4.17c (phase 3) shows the 
back edge of vortex B with no new vortex structure coming into view.  Phases #4 and #5 
shows a new vortex structure, vortex C, moving into view and convecting through the 
blade passage.  Smaller vortices at the location of the separation bubble are also apparent 
in these phases and grow in size.  Phase #6 in this figure, shows yet another vortex 
coming into view, vortex D, which is starting to interact with vortex C. The interaction 
between the two large vortices, along with the interaction between the separation bubble 
vortex and vortex C, seems to cause the smaller separation vortex to roll upstream, based 
on the streamline directions.  
Looking at Phases #6 and #1, the interaction between the two large vortices is 
what seems to cause the negative jet in this figure to form.  This data agrees with other 
researchers‘ claims that the impinging wake can be thought of as a negative jet acting on 
the boundary layer, and by moving the separation location fractionally upstream, the 









Researchers have used wake generating systems to demonstrate the affect of periodic 
passing wakes on low pressure turbine blade performance at low Reynolds numbers.  
Literature has shown that periodic passing wakes dramatically affects performance and 
the inclusion this effect in the design phase is a vital component of improving low 
Reynolds number performance and reducing losses. 
Wakes shed from upstream vane rows have been shown to cause a periodic 
disturbance within the free-stream flow in the form of a momentum deficit.  This periodic 
perturbation impinges upon the separated boundary layers of low pressure turbine blades 
and the interaction can have a profound effect on profile losses.  Researchers have shown 
that the interaction can be used to improve low Reynolds number performance and allow 
higher lift generating profiles to be developed beyond the current design limits.  These 
higher loading blade profiles have been shown to achieve the same losses of current blade 
designs while generating significantly more lift.  This correlates to blade count reductions 
in the portion of the engine that can account for a third of the overall engine weight. 
 In an effort to aid industry in increasing low Reynolds number performance and 
increase efficiencies of the low pressure turbine, the Air Force Research Laboratory has 
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been working to expand the design space and push the aerodynamic loading limits of low 
pressure turbine blades [35].  In a continuation of this effort, a wake generating system 
was designed for use in the AFRL low speed wind tunnel facility to further investigate 
the effects of periodic unsteadiness on low pressure turbine blade performance. 
The newly designed wake generator system was characterized and shown to 
produce a periodic unsteadiness that is consistent with other wake generator designs.  The 
periodic wakes produced by cylindrical rods were characterized by momentum deficit, 
peak velocity deficit, and wake width.  The wake of an aerodynamic body was also 
quantified and compared to the cylinder wake and differences in the wakes were noted.  
The concept to allow the airfoil shape to weather vane was proven and design changes 
were suggested.  The effect of the internal wake generator on the internal wind tunnel 
flow was also investigated along with the ability of the wind tunnel to maintain cascade 
periodicity.  From this investigation, the wake generator was shown to produce the 
desired periodic unsteadiness and is able to be used as an accurate simulator of blade row 
interactions. 
The effect of the periodic wakes on a linear cascade of L1A low pressure turbine 
blades was investigated through the use of wake loss measurements, pressure coefficient 
distributions, and velocity field data.  Low Reynolds numbers were of interest, so 
measurements were performed at a Reynolds number of 25,000 with two levels of FSTI. 
A baseline case of data was obtained under steady flow conditions for comparison 
with the periodic wake data.  Wake loss measurements showed that with steady flow and 
both levels of FSTI tested, the L1A blade profile has high losses at this low Reynolds 
number.  Pressure coefficient distribution measurements showed that the blade profile 
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had non-reattaching separated flow on the suction surface of the blade profile.  For the 
low FSTI of 0.5% with steady flow, the peak pressure location for this case was at 
approximately 52.5% Cx, while the separation location was at approximately 62.0% Cx.  
Similarly for the high 3.4% FSTI with steady flow, the peak pressure was moved slightly 
downstream to approximately 57.2% Cx, with separation occurring around 67% Cx. 
PIV measurements gave a visualization of the extent of the separated flow 
through velocity contour plots.  Streamlines overlaid on the PIV contour plots revealed 
the reversed flow present in the separation and the undesirable exit flow angle resulting 
from the separation.  This flow separation was responsible for these high losses and the 
increased FSTI had little effect on reducing the separation at the Reynolds number tested. 
Wake loss measurements with the inclusion of periodic wakes showed a dramatic 
reduction in losses.  The profile losses with the inclusion of periodic wakes at a Reynolds 
number of 25,000 with low FSTI had been reduced by 56%.  At this same Reynolds 
number with a higher FSTI, the inclusion of periodic wakes reduced the profile loss by 
almost 49%.  The effect of FSTI between the unsteady flow cases was a reduction in the 
profile loss by 18%. 
Pressure coefficient distributions showed increased loading with the inclusion of 
unsteady wakes.  The pressure coefficient profile revealed a closed separation bubble was 
present on the suction surface of the blade.  For the low FSTI of 0.5% with unsteady 
wakes, the profile shows the separation bubble beginning at approximately at 67% Cx 
and reattaching between 77.5% and 83% Cx.  The overall peak pressure for this case was 
increased compared to steady flow, and moved further downstream to 57.5% Cx.  This 
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increase in pressure level along with the movement downstream indicates higher blade 
loading was achieved. 
The increased level of 3.4% FSTI with unsteady wakes had a similar effect on the 
blade performance with a further increase in blade loading.  The pressure profile 
indicated a closed separation bubble was present, beginning at approximately 72% Cx and 
reattaching between 77.5% and 83% Cx.  Peak loading at this FSTI occurred at 57% Cx 
and had an increased magnitude compared to the lower FSTI with unsteady wakes. 
PIV measurements with unsteady wakes confirmed the presence of a closed 
separation bubble on the suction surface of the blade.  The velocity contour plots 
indicated the velocity through the blade passage had increased and the streamlines 
showed a more appropriate exit flow angle was achieved.   
The wake passing event was split into six phases and the affect of the periodic 
passing wake was observed.  Between passing wakes, a separation bubble was observed 
to form and grow in size.  As the wake approached, the wake began to interact with the 
separation bubble causing it to move along the blade surface.  Once the wake moved 
overtop the separation bubble, a vortex was observed to roll out of the bubble.  Once this 
vortex was shed, the separation bubble was significantly reduced in size.  After the wake 
had passed, the separation bubble was observed to grow in size and the process started 
over. 
Compared to the baseline case, the flow through the blade passage with periodic 
wakes was less restricted and higher flow velocities were attained.  The non-reattaching 
flow in the baseline case was dramatically reduced to a small separation bubble.  The 
bubble was observed to grow in size between passing wakes, but was only able to achieve 
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a fraction of the original size.  The streamlines through the unrestricted blade passage 
better follow the blade profile indicating an improved exit flow angle with lower losses.  
Perturbation velocity streamlines were calculated and shown for six phases of 
wake passing.  The perturbation velocity was able to demonstrate the wake acting like a 
negative jet and agreed with previous studies [25, 13, 27, 55, 56].  The wake was 
observed through the negative jet, to stain and deform as it convected through the blade 
passage.  The negative jet was observed to form counter rotating vortical structures on 
either side of the jet.  As the jet convected through the blade passage, it was observed to 
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Wake Generator Operation and 
Maintenance 
Operation 
The wake generator system is driven by a 3hp, 3450 rpm variable frequency electric 
motor.  The motor is coupled to a 1.59cm diameter shaft by means of a v-belt.  Various 
pulley sizes can be fitted to the motor and drive shaft, and the current configuration 
allows for 1100-2000 rpm (motor shaft) speeds to be operated.  This range of rpm is 
desirable due to the shaft driven cooling fan located on top of the motor.  Lower rpm is 
not recommended, as the motor will overheat during extended operation.  The motor has 
two power shut off switches; one located on the side of the wind tunnel next to the motor, 
and one located next to the controller by the control room.   
The motor is operated by a Baldor V-drive controller.  This controller has various 
options and controls all functionality of the drive motor.  For a complete description of 
the controller, refer to the operation manual.  The controller has a front LCD screen that 
displays information about the controller.  This screen will display the mode the 
controller is in along with the current motor rpm.  The controller can be operated 
remotely through a handheld controller (sold separately) or a computer (not currently 
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hooked up).  To use the front controller buttons, the controller must be in ―local‖ mode as 
opposed to ―remote‖.  If power is turned off to the controller, the default mode is 
―remote‖.   
The controller has a jog function that is useful to move the wake generator 
mechanisms to a different location on the track.  To jog the motor, press the jog button 
and then hold down the reverse button to jog the chain.  Release the reverse button when 
you want the chain to stop.  The motor was wired backwards, and so the reverse button 
will move the chain in the proper direction.  Due to the location of the chain tensioner the 
wake generator is only designed to move in one direction.  Once the chain is located in 
the desired location, press the stop button to exit the controller out of jog mode.  Note: 
you cannot manually drive the chain when the motor is in jog mode.  The motor should 
not be left in jog mode as it is continuously receiving power from the controller.   
Running the System 
To turn the wake generator system on, first press the enter button on the front 
panel.  The current motor rpm will be displayed.  This is the rpm the motor start 
operating at.  It is recommended that the initial rpm always be set to 500.  This will allow 
the user to check the system and make sure everything is operating properly before a 
higher rpm is selected.  Once enter is pressed the user can use the up, down, left, right 
buttons to select the desired starting rpm (should be set to 500).  Once the desired rpm is 
entered, press the enter button again to enter this rpm into the controller.  Once it is 
determined safe to turn the system on, pres the reverse button (no need to hold it down).  
The wake generator should turn on and begin moving.  Once it is determined that 
everything is operating properly, press the up arrow to increase the motor speed by 50 
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rpm.  The current motor rpm is displayed on the LCD screen.  Continue pressing the up 
arrow to keep increasing the speed until you have reached the desired value.  Similarly, 
the down arrow button will decrease the motor speed by 50 rpm.   
Stopping the System 
In case of an emergency, the system can be shut off using the red stop button on 
the front panel, or by turning off power using the power shut off at any time.  The method 
of stopping the system is to use the down arrow, decreasing the rpm till 500 rpm is 
displayed on the front panel.  Once the system is turned down to 500 rpm, press the red 
stop button.  Note: the controller maintains the last set rpm value and will return to this 
value if the reverse button is pressed.  Make sure you check the set rpm value before 
running the system. 
The acceleration time and deceleration time can be adjusted through the 
controller.  It is currently set to safe acceleration times and is not recommended that these 
values be changed.   Further options can be found in the operation manual. 
Maintenance 
The wake generator system needs routine maintenance for proper operation.  For every 
10 hours of operation, the system needs to be lubricated.  The parts that need lubricated 
are the chains, sprockets, and drive shaft bearings.  The chain is lubricated using spray 
grease located in the flammable cabinet.  The sprockets are also lubricated with Teflon 
spray grease located in the flammable cabinet.  The drive shaft bearings are located on 
top of the wind tunnel and need a single pump from the grease gun. 
During lubrication, chain tension and rod couplers should be checked.  Chain 
tension is adjusted by with the chain tensioners located on the slack side of the drive 
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sprocket.  The chain tension should be such that the chain appears rigid between the 
tensioner and flywheel during operation.  Excessive chain movement at this location is a 
sign that the chain should be tightened.  The rod couplers should be checked for 
tightness.  When the couplers become loose, they will begin to spin on the chain.  If a 
coupler is loose, remove the bolt, apply locktite, and replace the bolt. 
These are basic operating instructions and Dr. Rolf Sondergaard should be 
consulted for any modifications or maintenance to the wake generator system. 
